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THE ADSORPTION OF STRONTIUM AT FORTY DEGREES BY 
ENAMEL, DENTIN, BONE, AND HYDROXYAPATITE AS 
SHOWN BY THE RADIOACTIVE ISOTOPE 


By HAROLD CARPENTER HODGE, ELIZABETH GAVETT, ano 
ISABEL THOMAS 


(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, October 31, 1945) 


Considerable interest in the proposed use of the radioactive isotope of 
strontium has arisen since Pecher (1) reported that following the adminis- 
tration of 8 millicuries of radiostrontium to a patient with osteoblastic 
metastases of prostate carcinoma, “the general condition ., . definitely 
4mproved.’’ Pecher had used radiostrontium clinically after his animal 
experimentation (1-3) had shown a “selective concentration” of radio- 
strontium in the bones. He pointed out that the energetic character of 
the @-rays, the favorable yields of Sr**® from the cyclotron, and the 
relatively low toxicity of strontium make Sr*® a possible therapeutic agent 
for bone tumors. 

Strontium occurs in minute traces in bones and teeth; the fresh tissues 
contain 0.01 to 0.1 y per gm. (4, 5). An argument that began in 1870 
(6) over whether strontium can replace the calcium in bone and tooth 
mineral was settled in 1923 (7) when the bone ash of strontium-fed rats was 
found to have as little as 32 per cent calctum (normal = 37 per cent) with 
a concomitant increment of as much as 4 or 5 per cent of strontium. Stron- 
tium produces a peculiar fault in calcification which, as “‘strontium rickets”’ 
in bone and “proliferation of dentinoid”’ in teeth, has received careful study 
(8-12). However, serious toxic effects are not expected to follow low doses 
of soluble strontium salts (1). 

Pecher (1) has shown by autoradiographs and by counting yeoseduses 
that radiostrontium (like radiocalcium) is found in the soft tissues in very 
low percentages of the dose given either by mouth or parenterally. In 
contrast, the skeleton takes up large percentages; for example, in mice, 
24 hours after receiving radiostrontium, 33 per cent of the dose was held 
in the hard tissues. Calcium is retained to an even greater degree; in an 
experiment parallel to the one just cited, 58 per cent of a radiocalcium dose 
was present in the skeleton. The distribution of strontium in the body is 
much like that of calcium, but both of these mineral elements differ sharply 
from phosphorus (13) in this respect. The latter is taken up in much 
higher proportions by soft tissues and much less in the skeleton; thus, only 
5 per cent of a dose of radiophosphorus is found in the skeleton 24 hours 
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2 ADSORPTION OF STRONTIUM 


after injection. The uptake of radiophosphate by powdered bone has been 
described by the Freundlich adsorption isotherm (14); the data given below 
in detail indicate that the uptake of strontium can also be described in this 
fashion (Fig. 1). 

The adsorption of strontium provides an adequate explanation for the 
mechanism by which strontium is taken up and held in the bones and teeth. 


-| 
-4 -3 -2 -| +2 
LOG C 


Fic. 1. Adsorption isotherms of strontium on various calcified tissues and on 
hydroxyapatite at 40°. The curves for bone and for hydroxvapatite are nearly 
parallel and differ in slope from the nearly parallel curves for dentin and for enamel. 


To test this hypothesis, two calculations based on the data of Pecher may 
be cited.! First, if the assumption is made that strontium in the body is 
handled as if it were calcium, 7.e. that the calcium concentration of the blood 
would act as the controlling factor for strontium as well as calcium ex- 
change in the bone mineral, the predicted adsorption from the isotherm 
line (Fig. 1) is 24 mg. per gm. of bone. From the percentages of adminis- 
tered radiostrontium actually found in the skeleton, if each radiostrontium 
atom represented the adsorption of strontium plus calcium in the same 
proportions that characterized these elements in the blood stream, it would 


1 The bones of Pecher’s mice adsorbed about 0.2 mg. of Sr per gm. of bone. 


ap] 
ure 
| 1s 
tw 
| ca 
| | 
| tit 
| 2 th 
| ha 
| fre 
> 
Cu 
aD 
~Q 
| cs 
0 
| 
| 
| | 
| le 
| h 
| t 
| 
a 


HODGE, GAVETF, AND THOMAS 3 


appear that the bone had taken up about 4 mg. per gm. of bone. The fail- 
ure of the calculated bone value to equal the predicted adsorption value 
is evidence that, although strontium and calcium are distributed in similar 
fashions in the body, the processes of distribution are not identical and the 
two metallic ions are clearly differentiated by the body. Second, additional 
calculations may be based on the assumption that strontium is handled 
by the blood and bone in equilibria that are controlled by the blood stron- 
tium level. On this basis, if Pecher’s mice had blood strontium levels of 
the order of 0.05 y per ml.,* this level should define the equilibrium which 
has resulted in the fixation by the bone of 0.2 mg. of Sr per gm. However, 
from the isotherm (Fig. 1), powdered bone takes up about 3 mg. of Sr 
per gm. at this concentration of Sr in solution. The amount of Sr ad- 
sorbed zn vivo is much less than would be predicted. However, these cal- 
culations contain many assumptions designed to get around the serious 


TABLE I 
Data on Uptake of Strontium by Various Calcified Tissues 


Equilibrium, Average strontium picked up per gm. 
concentration of stron- 
tium (approximate) 


Apatite | Bone Dentin Enamel 
ad me. | me. Mme. | me. 
2 | 60 123 : 48 | 20 
34 | 78 32 5.3 
2 xX 10°? | 19 | 51 21 0.80 
2X 10°3 | 9.8 | 25 11 0.53 
2x 10° | 5.1 | 12 33 0.35 


lack of specific data on blood strontium counts. The blood concentration 
has been assumed to be the same as those found in representative soft 
tissues; this may not be the case. In any event, the predicted values 
(from Fig. 1) are large enough to account for the Sr found in the bone so 
that a surface-limited exchange can be taken as a sufficient (although not 
a necessary) explanation. 

The amounts of strontium which are taken up from solutions of SrCl, 
at 40° by powdered bone, dentin, enamel, and hydroxyapatite are given in 
Table I. Although a 50 mg. bone sample takes up about 6 mg. of Sr from a 
2m SrCl. solution, this represents only 0.1 per cent of the Sr in the solution. 
In the succeeding dilutions, increasingly larger proportions of the Sr are 
removed from the solutions; specifically, 0.9, 5, 24, and 36 per cent of the 
Sr are taken up from the dilutions, respectively, given in Table I. 

It is interesting to note that for strontium, as has been repeatedly ob- 


2 Pecher did not measure the blood radiostrontium levels. This value is an ap- 
proximation of the soft tissue levels, e.g. in the liver. 
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4 ADSORPTION OF STRONTIUM 


served for other ions, under the conditions of the experiment bone takes up 
more than dentin which, in turn, has higher values than enamel. The 
comparative values setting enamel at unity are given in Table II. There 


is a larger difference between the relative values for strontium adsorption 


by these tissues than for any ion reported thus far. The cause of this order 


of adsorption has been supposed to lie in the differences in average particle 


TABLE I] 
Adsorptive Power of Calcified Tissues Compared to Enamel As Unity* 
Ions adsorbed | Bone Dentin 
PO, | 49 | 2.4 1.3 
a | 200 | 6.3 | 5.2 
F | 40 | 2.3 | 1.9 
Na | 40 | 1.8 | 1.5 
Sr 40 | 8.8 | 6.6 


* The & values are used to compare the adsorbing power of bone, dentin, and ena- 
mel. For each ion, the ratios were obtained by dividing by the k value for enamel 


(1.0). 
TABLE II] 
Adsorption of Various Ions by Calcified Tissues Compared to Strontium As Unity* 
Ions adsorbed | Bone Dentin Enamel 
PO, 40 | 2.1 1.5 7.6 
F 40 | 0.5 0.5 1.8 
PO, | 200 | 0.1 0.1 0.1 
Na | 40 0.1 0.1 0.3 
Sr - 40 | 1.0 1.0 1.0 


* The k values of the Freundlich equation are compared for the adsorption of vari- 
ous ions on the calcified tissues. The k values for each tissue have been converted 
by dividing by the & for strontium. 


size; however, there is some reason to suspect that differences in density 
are more important perhaps because the density controls the diffusion 
rates for each tissue. 

Comparing the k values for the ions (Table III) indicates that the ad- 
sorptive power of strontium is to be somewhat less than that of phosphate 
(at 40°), but markedly greater than those of fluoride, phosphate at 200°, 
and sodium, respectively. This order seems reasonable, since strontium 
would be expected to exchange easily with calcium, and the four solids 
studied are all calcium phosphates. 
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Methods 


The method has been previously described in detail (14). Briefly, 50 
mg. samples of powdered bone glycol ash (15), dentin and enamel (16), 
and hydroxyapatite Sample TR3 (17) were stirred for 45 minutes at 40° 
with 25 ml. of SrCl. solutions ranging in various tests from 2 to 0.0002 M. 
The 45 minute period of exposure to the solutions was chosen after studying 
the data from experiments in which exposure times of 15 to 90 minutes 
were employed. The solutions were decanted after centrifugation and the 
solids washed repeatedly for 10 minutes with distilled water at 40°. Finally 
the solids were dissolved in dilute hydrochloric acid and the solutions 
counted on our Geiger-Miuller scale-of-four counters (18). 

Preparation of Radiostrontium Solutions—The radioactive strontium was 
prepared by the bombardment of SrF, on a copper plate by deuterons. 
The nuclear reaction is 


sorss + ,H? —— + ,H! 


We are greatly indebted to Dr. Robley D. Evans of the Massachusetts 
Institute of Technology for furnishing the bombarded sample. Sr** has 
a half life of 55 days and emits penetrating 8-rays of about the same energy 
(maximum, 1.5 m.e.v.) as those from radiophosphorus. These properties 
give a great usefulness to Sr*® as a biological tracer substance. 

During the bombardment, several isotopes of yttrium are produced; 
one of these (Y**) has a half life of 100 days and emits penetrating y-rays 
on disintegration. 

The sample (copper, strontium fluoride, radioyttrium) was dissolved by 
repeatedly fuming off in concentrated HCl solution. The sample in a few 
ml. of water was added to a solution containing 20 mg. of cupric chloride, 
20 mg. of yttrium nitrate, and 5 ml. of 6 N HCl, and the whole volume 
adjusted to 100 ml. with water. The solution was saturated with H.S; the 
resulting precipitate of the “copper fraction’? had 6800 ¢.p.m.,* whereas 
the ‘‘Sr-Y fraction’? had about 800,000 ¢.p.m. 

The filtrate was freed of HoS by boiling; the volume was evaporated to 
15 mg., the precipitate filtered out, washed, and the filtrate again evapo- 
rated to a final volume of 15 ml. An oxine solution was prepared by dis- 
solving 0.17 gm. of 8-hydroxyquinoline in 12.5 ml. of acetone and diluting 
to 50 ml. with water. 7.5 ml. of this solution were added to the 15 ml. 
solution containing the Sr and Y and 1:1 NH,OH solution was added until 
the odor of NH; was apparent. The solution turned dark green and a 
precipitate formed (yttrium hydroxyquinolate) which was filtered off. 
The ‘yttrium fraction” contained 241,000 ¢.p.m. and the “Sr solution 
fraction”? about 113,000 ¢.p.m. per ml. 


> Counts per minute on our seale-of-four counter. 
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The filtrate was evaporated to 15 ml. and 5 mg. of yttrium nitrate were 
added. The separation procedure was repeated, substituting 1:10 NH,OH 
solution for the more concentrated one used before. The “yttrium frac- 
tion’? contained 33,400 c.p.m., the “Sr fraction” about 600,000 c.p.m. 
Upon a third separation, the ‘‘yttrium fraction’’ contained 3410 c.p.m., 
the “‘Sr fraction’? 578,000 c.p.m. Further repetitions of the separation 
were considered unnecessary. ‘The Sr was precipitated as the carbonate 
and the working solution of radiostrontium was prepared by using an 
equivalent amount of HCl. 


SUMMARY 


1. Strontium is adsorbed from strontium chloride solutions by various 
calcified tissues and synthetic hydroxyapatite. 

2. The adsorption of strontium is according to the following order: 
bone > dentin > enamel. 

3. The adsorption of strontium by powdered bone in vitro is of sufficient 
magnitude to account for the strontium taken up by bone zn mvo. 


The authors gratefully acknowledge the assistance of John F. Bonner in 
keeping the Geiger-Miiller counters in operating condition. 


BIBLIOGRAPHY 


. Pecher, C., Univ. California Pub. Pharmacol., 2, 117 (1942). 
. Pecher, C., Proc. Soc. Erp. Biol. and Med., 46, 86 (1941). 
. Pecher, C.. and Pecher, J., Proc. Soc. Exp. Biol. and Med., 46,91 (1941). 
. Gerlach, W., and Miller, R., Virchows Arch. path. Anat., 294, 210 (1934). 
. Rusoff, L. L., and Gaddum, L. W., J. Nutr., 16, 169 (1938). 
. Papillon, M. F., Compt. rend. Acad., 71, 372 (1870). 
. Kinney. E. M., and McCollum, E. V., J. Pharmacol. and Exp. Tierap., 21, 165 
(1923). 
S. Klein, H.. Becker, J. E., and MeCollum, E. V., /. Dent. Res., 10, 733 (1930). 
Robinson, R.. and Rosenheim, A. H., Biochem. J ., 28, 684 (1934). 
10. Sabel. A. E.. Cohen, J., and Kramer, B., Brochem. J., 29, 2640, 2646 (1935). 
11. Robinson, R., Law, Kk. A. O’D., and Rosenheim, A. H., Biochem. J., 30, 66 (1936). 
12. Roche, A., and Mourguy, M., Compt. rend. Soc. biol., 130, 1136 (1939). 
13. Weissberger, L. H., and Harris, P. L., J. Biol. Chem., 144, 287 (1942). 
14. Hodge, H. C., Van Huysen, G., Bonner, J. F., and Van Voorhis, 8. N., J. Biol. 
Chem.. 138, 451 (1941). 
15. Crowell. C. D., Hodge, H. C., and Line, W. R., J. Dent. Res., 14, 251 (1934). 
16. Manlv, R.8., and Hodge, H. C., J. Dent. Res., 18, 133 (1939). 
7. Hodge, H. C., LeFevre, M. L., and Bale, W. F., Jnd. and Eng. Chem., Anal. Ed., 
10, 156 (1938). 
18. Bale, W. F., Haven, F. L., and LeFevre, M. L., Rev. Scient. Instruments, 10, 193 
(1939). 


WW 


} E 
+ 
| 
| p 
O 
| d 
p 
| O 
( 
t 
1 I 
t 
| 
\ 
I 
\ 
( 
1 
t 


ENZYMIC NATURE OF THE CAROTENE-DESTROYING SYSTEM 
OF ALFALFA* 
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Rapid destruction of carotene occurs in alfalfa during the field curing 
process. The loss under good curing conditions may be 45 to 80 per cent 
of the carotene originally present (1-4). Hauge and Aitkenhead (5) and 
Hauge (6) presented evidence which indicates the presence of a carotene- 
destroying enzyme system in alfalfa. The belief that the destruction of 
carotene during field curing may be largely enzymic in character is sup- 
ported by later investigations (7-10). This view has been based chiefly 
on the observation that autoclaving or blanching of alfalfa prevents the 
destruction. 

The present investigation was conducted to determine the time-tempera- 
ture relationships involved in the inactivation of the carotene-destroying 
system by heat, and to obtain additional data concerning the enzymic 
nature of the system. 


EXPERIMENTAL 


To insure a series of samples that would be uniform with respect to 
maturity and conditions of growth, fresh field-grown alfalfa was brought 
to the laboratory, the leaves were removed, thoroughly mixed, and 5 gm. 
portions of the leaf tissue were placed in 1 ounce bottles. The bottles 
were stoppered and stored at —15° until used. Dry matter was deter- 
mined at the time of storage. 

Inactivation of System by Heat Treatment of Plant Tissue—5 gm. portions 
of frozen tissue were spread on a paper and defrosted at room temperature 
for 7 minutes. Each defrosted sample was placed in a 1 inch cube made of 
wire screen. This was dipped in water at a definite temperature for a 
definite period of time, removed, and cooled by plunging into cold water. 
Each sample was transferred to a bottle, stoppered, and incubated at 
37° for 24 hours. Carotene was determined by a modification of the method 
of Moore and Ely (9). Measurements were made with a Beckman spec- 
trophotometer at 4360 A. 

The results of this experiment are presented in Figs. 1 and 2, from which 
it is seen that heat treatments prior to incubation greatly affect the preser- 
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Fic. 1. The relation of heat treatment to enzyme inactivation as measured by the 
preservation of carotene in alfalfa leaves (initial value, 413 y per gm. of dry matter). 
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Fic. 2. Rate of inactivation of the enzymes in alfalfa leaves at different tempera- 
tures (initial value, 413 y per gm. of dry matter). 
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vation of carotene. As seen in Fig. 1, the maximum inactivation of the 
carotene-destroying system at a given temperature was obtained in 2 
minutes, since heating the tissue for 4 minutes did not result in greater 
preservation of carotene. The amount of imactivation increased rapidly 
between 65—-80°. 

From Fig. 2 it is apparent that inactivation is a function of both tem- 
perature and time. The carotene content of the leaves before heat treat- 
ment was 413 y per gm. of dry matter. 89 per cent of the carotene was 
retained after the leaves were heated at 100° for 3 seconds and subsequently 
incubated, while 93 per cent was retained after treatment at 90-100° for 
10 seconds. Only 55 per cent was retained after heat treatment at 70° 
for 10 seconds, followed by incubation. 

Inactivation of System by Heat Treatment of Plant Extracts—Waugh et al. 
(9) showed that aqueous extracts of alfalfa destroyed carotene when used 
according to the method of Reiser and Fraps (11) for measuring the lip- 
oxidase activity of legume seeds. The effect of heat on the activity of an 
alfalfa extract was studied by this technique. 

An aqueous extract was prepared with a Waring blendor by dispersing 
5 gm. of whole alfalfa tissue grown in the greenhouse in 200 ml. of water. 
Portions of the extract were heated in a water bath for 5 minutes at various 
temperatures. The carotene-destroving activity of each heated extract was 
measured by an adaptation of the method of Reiser and Fraps. 

Into a 25 x 250 mm. tube were pipetted 2 ml. of the alfalfa extract, 2 
ml. of phosphate buffer of pH 6.5, and 2 ml. of water. The contents of the 
tube were mixed and | ml. of a carotene solution was added. The carotene 
solution contained 90 y of carotene and 0.6 mg. of Wesson oil per ml. of 
acetone. The tube was placed in an incubator at 37° for 1 hour. 50 
ml. of heptane (petroleum ether, b.p. 90-100°) were pipetted into the tube. 
About 15 ml. of 95 per cent ethanol were added to facilitate extraction of 
the carotene from the aqueous phase by the heptane. The tube was 
stoppered, shaken vigorously, and the contents were transferred to a 
separatory funnel. Water was added to facilitate the separation of the 
heptane extract, after which the aqueous phase was drawn off. The 
heptane solution was shaken with 10 to 15 ml. of a 25 per cent solution of 
KOH in methanol to remove chlorophyll. The heptane was washed with 
water until free from alkali and was dried with anhydrous NasSO,. Caro- 
tene was measured with a Beckman spectrophotometer, as previously 
described. A blank determination was made by substituting an equal 
volume of water for the alfalfa extract. Carotene-destroying activity 
was expressed as per cent destruction of the carotene. 

The results of this experiment, presented in Fig. 3, show that aqueous 
extracts of alfalfa contain a carotene-destroving system which is inactivated 
by heat. Maximum inactivation was obtained at about 70°, somewhat 
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lower than the temperature of maximum inactivation of the system in the 
intact leaf. 

Since inactivation by heat is one of the characteristics of enzyme sys- 
tems, the heat lability of the carotene-destroving system strongly suggests 
the enzymic nature of this system. 

Destruction of Carotene in Blanched Alfalfa Leaves by Added Extracts—If 
the material which is water-soluble and which shows activity by the Reiser- 
Fraps method is the same material that causes destruction of carotene in 


30 
| 


b 


w 


PERCENT DESTRUCTION 


40 50 60 70 80 90 100 
TEMPERATURE °C 


Fig. 3. Effect of heat on the carotene-destroying activity of an extract of alfalfa 
Jeaves. 


alfalfa, it should cause destruction of carotene when added to alfalfa leaves 
in which the carotene-destroving system has been inactivated by heat. 

Alfalfa juice was obtained by defrosting frozen alfalfa leaves and ex- 
pelling the juice in a hydraulic press. 30 ml. of the juice were blended with 
5 gm. of blanched alfalfa leaves in a small Waring blendor cup. The mix- 
ture was incubated for 8 hours at 37°. A control was prepared by blending 
30 ml. of water with blanched leaves and incubating for 8 hours at 37°. 
Carotene was determined as previously indicated. 

Since a lipoxidase has been reported by Sumner (12) to be present in 
alfalfa, and since sov bean lipoxidase is known to bleach carotene solutions 
if unsaturated fat is present (13), an experiment was conducted to determine 
the effect of sov bean lipoxidase upon blanched alfalfa leaves. 0.1 gm. of 
defatted soy bean meal was ground with 30 ml. of H.,O in a mortar. The 


| 
\ 
| 
| 
|_| | | | 
} 
} 
| 
| ] 
= | 
| | 
| 
] 
] 
£ 
| 
| 


H. L. MITCHELL AND S. M, HAUGE Ll 


resulting suspension was added to 5 gm. of blanched leaves in a small 
Waring blendor cup and treated as described above. 

The results of these experiments, as presented in Table I, show that 
both alfalfa juice and soy bean lipoxidase are capable of destroying carotene 
in blanched leaves. It can therefore be concluded that the carotene- 
destroving system of the leaf is soluble in water and that its solution can 
destroy carotene in comminuted plant tissue as well as in carotene solu- 
tions. 

Agents Affecting Activity of Aqueous Extracts—Al\though the preceding 
experiment indicates that destruction of carotene in alfalfa may be due 
to a lipoxidase, it is possible that other substances may be present in the 
extract which are responsible for the destruction. A series of experiments 
was conducted to elucidate the enzymic nature of the system further. 


TABLE I 
Effect of Adding Alfalfa Juice and Soy Bean Lipoxridase to Blanched Alfalfa Leaves 


Carotene 
Treatment 
Loss 


An extract was prepared by dispersing 5 gm. of defrosted alfalfa leaves 
in 200 ml. of water with a Waring blendor. The extract was filtered. 3 
ml. aliquots were placed in 25 K 250 mm. tubes and the weight or volume of 
the various reagents as shown in Table II] was added. The tubes were 
allowed to stand at room temperature for 1 hour, after which the carotene- 
destroving activity was measured both in the absence and in the presence 
of added oil by the adaptation of the method of Reiser and Fraps. The 
carotene solutions emploved were: (1) 90 y of carotene per ml. of acetone 
and (2) 90 y of carotene and 0.6 mg. of Wesson oil per ml. of acetone. 

In the final experiment of this series, 50 ml. of the extract were half 
saturated with (NH,).SO, and centrifuged. Carotene-destroying activity 
was determined ‘on 3 ml. of the supernatant liquid. The precipitate was 
dispersed in 50 ml. of the phosphate buffer (pH 6.5) and the carotene- 
destroying activity was determined on a 3 ml. aliquot. The results of 
these experiments are presented in Table IT. 

The protein coagulants, heat and ethanol, and the protein precipitants, 
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CuSO, and Pb(OAc)2, caused partial or complete loss of carotene-destroying 
activity. Likewise formaldehyde and pancreatin, which modify the 
structure of proteins, reduced the activity of the system. Inactivation by 
NaCN and thiourea, which is characteristic of many oxidizing enzymes, 
is In agreement with the observation of Silker et al. (10) that the addition 
of these substances to fresh ground alfalfa tends to preserve the carotene 


TABLE II 

Effect of Various Treatments on Carotene-Destroying Activity of Extracts of Alfalfa 
Treatment of extract | Carotene destroyed | Original activity 
Material added | Oiladded | | added 
mg. per 3 mi. | percent per cent per cent | per cent 

oie | 36.8 | 53.6 | 100 | 100 
eS. 10 | 38.8 | 50.5 | 105.3 94.2 
10 38.8 + 4.9 + 3106.0 91.2 
5O | 26.3 | 41.4 71.4 76.9 
10 | 28.5 | 42.5 
Formaldehyde,5%.......... | 356 | 10:6 | 24) BS 
| | | 18.8 


during dehydration. NaF, which is a strong inhibitor for hydrolytic 
enzymes, had relatively little effect on the system. 

In contrast to CuSO, and Pb(OAc)2, NasSO, and NaCl had no inhibitory 
action at the lower concentration studied. At the higher concentration 
these salts, along with (NH4)eSO,, caused a slight reduction of activity. 

The active principle can be salted-out by half saturating the extract with 
(NH4)2SO0,4. The extract after salting-out had little activity. 

The results of these experiments, together with the heat inactivation 
studies already discussed, clearly indicate the enzymic nature of the caro- 
tene-destroying system. A lipoxidase is shown to be present in the ex- 
tract by the fact that greater destruction of carotene occurred when oil 
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was added than when oil was not added. The destruction of carotene in 
the absence of added oil may also be due to lipoxidase activity if it is 
assumed that the small amount of oil which might have been dispersed in 
the extract from the leaves was sufficient for the reaction. If not, another 
enzyme is indicated. However, the effect of a given treatment in the 
presence and in the absence of added oil was similar when compared as 
percentage of the original activity. This suggests that the destruction of 
carotene is due to one enzyme. 


DISCUSSION 


The data on the relation of time and temperature to carotene preserva- 
tion may be of importance to the engineer in the development of equip- 
ment for the production of alfalfa hay and leaf meal of high carotene 
content. To be of practical value, the heat treatment must be of short 
duration. This period of treatment may be less than 10 seconds at 90—100° 
if the heat transfer is efficient. However, preliminary experiments in this 
laboratory showed that inactivation could not be obtained by subjecting 
the plant tissue for short periods of time to a stream of air heated to 200°. 
The evaporation of water prevented the leaves from reaching the tempera- 
ture necessary for inactivation of the enzyme. Therefore, in the design 
of equipment, consideration should be given to methods for the effective 
transfer of heat to the tissue. 


SUMMARY 


Evidence is presented for the enzymic nature of the carotene-destroying 
system of alfalfa. The enzyme involved appears to be a lipoxidase. 

The enzyme was partially or completely inactivated by heat, ethanol, 
CuSQO,, Pb(OAc)s, formaldehyde, pancreatin, NaCN, thiourea, and NaF, 
but not by NasSO, and NaCl. The enzyme was salted-out of solution by 
half saturation with 

The inactivation of the enzyme by heat was a function of both tempera- 
ture and time. Maximum inactivation occurred in the plant tissue above 
80° and in plant extracts above 70°. Virtually complete inactivation of 
the enzyme in the plant tissue was obtained at 90-—100° in less than 10 
seconds. 

The practical application of this information is indicated. 
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MANGANESE AND /-LEUCINE-AMINOEXOPEPTIDASE 


By EMIL L. SMITH* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, December 20, 1945) 


In recent years, it has become evident that there are at least three dis- 
tinct groups of proteolytic enzymes, as judged by the conditions required 
for the manifestation of their activity (Bergmann (1) p. 49). One group 
including trypsin, pepsin, and carboxypeptidase as well as others is not 
known to possess any special active grouping other than amino acids. On 
the other hand, certain of the enzymes of both plant and animal tissues 
require activation by such substances as HCN, ascorbic acid, cysteine, 
and glutathione; this group is exemplified by papain, ficin, and some of the 
cathepsins. In addition to these well known enzymes, there are additional 
proteases whose activity is strongly enhanced by the presence of metal 
ions, such as Mn++, Mg**, Zn**, and Co*~*; this group appears to include 
many but not all of the peptidases present in animal and plant tissues 
(Johnson and Berger (1) p. 69). 

The enzymes of this last group are present in active form in the tissues, 
as is shown by the fact that the activity of crude extracts is not increased 
by the addition of metal ions. However, the metal appears to be loosely 
bound and can be readily removed by dialysis. Much of the information 
regarding these peptidases has been obtained on dialyzed crude extracts 
but a few studies have been made on highly purified enzyme preparations. 
Johnson (2) has studied a peptidase from yeast which is activated by zine or 
cobalt and requires the presence of halide ions. Highly purified /-leucine- 
aminoexopeptidase from intestinal mucosa is activated by manganese and 
by magnesium (3, 4). Both of these enzymes hydrolyze l-leucylglycine 
and /-leucylglycylglycine very rapidly. Some evidence has already been pre- 
sented to show that the manganese activation of intestinal /-leucine- 
aminoexopeptidase is a true combination between the inactive protein and 
the metal ion. This is indicated by the fact that the combination of 


* Most of the work deseribed in this paper was carried out in the laboratory of the 
late Dr. Max Bergmann at The Rockefeller Institute for Medical Research in 1941-42. 
It was hoped that further studies on intestinal peptidases could be performed but 
because of the circumstances of the last few vears and the untimely death of Dr. 
Bergmann this hope has had to be abandoned. The electrophoretic studies were 
made at the Biological Laboratories, E. R. Squibb and Sons (the author's present 
address). The work owes much to the advice and interest of Dr. Bergmann. The 
author also wishes to express his gratitude to Dr. Joseph 8. Fruton for much help and 
for critically reading the manuscript. 
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protein with the activator metal is a time reaction. Herein, it will be 
shown that the activation of the enzyme is consistent with mass law con- 
siderations, and that active enzyme preparations dissociate on dilution in 
the absence of excess manganese. We have recently had the opportunity 
to study the electrophoretic behavior of our enzyme preparations and these 
experiments also bear on this problem. 


EXPERIMENTAL 


Enzyme activity was determined as previously described (4). Activity 
was determined from the first order velocity constants AK where Aft = 
log a/(a — x) at enzyme concentration E expressed as mg. of protein N 
per ec. of test solution. The proteolytic coeficient C = A/F. Substrate 
hydrolyses were carried out in 2.5 ec. volumetric flasks at 40°, and were 
measured on 0.2 ec. samples by the titration method of Grassmann and 
Heyde (5). /-Leucinamide was used at a concentration of 0.05 mM and dl- 
leucylglycine at 0.1 mM. Solutions were buffered by the addition of 0.5 to 
1.0 ml. of 0.1 M veronal buffer to the test solution. Incubations of Mn-7> 
with enzyme in the absence of substrate were carried out in 5 or 10 ce. 
volumetric flasks containing 3 to 6 cc. of veronal buffer. 

The purified enzyme preparations used in these studies have already 
been described (4). These preparations show less than 2 per cent of their 
maximal activity in the absence of added manganese. Reactivation of the 
enzyme is a time reaction which requires many hours to attain first order 
kinetics with /-leucvlglycine or /-leucylglvevlglvcine as the substrate. Con- 
currently, some loss of activity occurs. However, with /-leucinamide the 
data more closely approach first order kinetics after incubation of Mn** 
with the protein for 3 hours at 40° and pH 8.0. This substrate is more 
suitable for kinetic studies even though the enzyme hydrolyzes the amide 
at about half the rate that it hydrolyzes the di- or tripeptides. All of the 
evidence available at present indicates that /-leucinamide and /-leucyl- 
glycine are hydrolyzed by the same enzyme, and that activation or de- 
struction of activity towards one substrate is accompanied by a parallel 
change towards the other substrate. 

Effect of Manganese Concentration—Since the enzyme consists of a labile, 
protein-metal compound, a study was made of the equilibrium constant 
of the reaction 


Protein + Mn** = (Mn*~-protein) (1) 


by varving the Mn** concentration at constant protein concentration. The 
data for such an experiment are presented in Table I. The results show 
the characteristic data for an equilibrium of the kind postulated by Berg- 
mann ((1) p. 49), and can be described by the general mass law equation 


K, = X/(A — X) [Mn] (2) 
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Effect of Manganese Concentration on l-Leucine-aminoeropeptidase 
A constant amount of enzyme (protein N, 72.0 y per ec.) was incubated with 
various concentrations of MnSQO, for 3 hours at 40° and pH 8.0. A sample of each 
mixture was then added to the test solution of l-leucinamide. 


The enzyme con- 
centration was 11.5 y of protein N per cc. in the reaction mixture. 


The concentra- 


tions of Mn** given below are for the reaction mixture; the incubation mixture 
contained 6.25 times as much. The two separate sets of data were obtained on 


successive days. 


[Mn*+] X 105 Time Hydrolysis Cr, average | C,, calculated 
moles perl. | min. per ceni | 
4.0 75 73 0.66 | 
80 83 0.74 
105 S7 0.73 0.71 0.65 
8.0 60 74 0.85 | 
75 S4 0.92 | 
90 85 0.80 | 0.86 0.85 
16.0 75 S5 0.96 
| 90 90 0.97 0.97 1.01 
80.0 | 30 59 
| 45 77 1.23 
| 60 85 1.18 1.21 
800 .0 30 60 115 | 
45 79 1.31 | 
60 88 1.33 | 1.26 1.27 
0.32 | 60 19 
| 90 30 | 0.15 | 
| 120 42 0.17 | 0.15 0.10 
0.32 | 75 26 0.15 | 
| 90 31 | 0.16 | 
| 120 42 | 0.17 | 0.16 
| 60 27 
| 90 41 | 
120 55 | 0.25 | £0.22 0.23 
0.80 60 28 0.21 : 
90 41 | 
120 56 | 028 | 
1.60 30 23 
| 60 44 
| 90 65 
| 105 74 0.38 
32.0 | 15 32 0.97 | 
| 30 56 eo 
| 45 7 1.12 
320.0 | 15 41 
| 30 66 
| 45 80 1.35 | 1.34 1.26 
* Proteolytic coefficient for /-leucine-aminoexopeptidase. 
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where X is the amount of enzyme (proportional to C;,,) present at different 
Mn** concentrations, A is the maximal enzyme activity (proportional to 
maximal Cy,), and K, is the association constant. In the last column of 
Table I are given the calculated values of C,4 from Equation 2 where A 
is 1.27 and K, is 25,000 molar (Ka, the dissociation constant, is 4.0 X 
10~ molar where Ag = 1/Ka). The calculated values show that the sug- 
gested mechanism of a dissociable metal-protein compound is in agreement 
with the data. 

While the data of Table I for the separate hydrolyses have been calculated 
on the basis of first order kinetics, there is some uncertainty that this 
mechanism applies, particularly at low M[n** concentrations when the data 
show increasing values of first order constants during the course of the 
measurements. This might be interpreted as showing that activation is 
incomplete. A second possible explanation of the aberrant results at 
low Mn** concentrations is that the substrate concentration is high enough 
to saturate the small number of active enzyme molecules, thus resulting in a 
zero order mechanism. The data at the lowest Mn** concentrations are 
indeed well described by the zero order mechanism. It is possible that 
the conventional use of synthetic substrates at 0.05 mM concentration may 
be too high for first order kinetics with this enzyme when low concentrations 
of active enzyme are employed. However, these factors, completeness of 
activation and relative concentrations of substrate and enzyme, do not influ- 
ence the conclusions drawn regarding the activation mechanism by Mn**. 
The concentration of active enzyme at any value of Mn** can be computed 
by using the reciprocal of the time necessary to effect a constant quantity of 
substrate hydrolysis. From the relationship of active enzyme at different 
Mn** concentrations, the data obtained are well described by Equation 
2 and yield essentially the same dissociation constant; tor 50 per cent 
hydrolysis, Ag = 4.8 X 10~ and for 75 per cent hydrolysis, Ay = 4.0 X 

With leucylglycine as the substrate, the kinetics of the enzyme are 
complicated by a greater degree of zero order kinetics at low enzyme con- 
centration and a longer activation time. It was therefore not possible 
to obtain satisfactory quantitative data, but the same general effect of 
varying Mn** concentration was found. With Mg** as the activating 
metal, complete activation of the enzyme could not be obtained even with 
24 hours activation at pH 8.0 and 40°. With both Mn** and Mg*~ lower 
pH values decrease the rate of activation; higher pH values result in the 
formation of large amounts of insoluble hydroxides. Nevertheless, the 
data obtained with Mg** showed that at least 10-fold higher concentrations 
of this metal were required to effect maximal activation as compared with 
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Effect of Enzyme Concentration on Activity—Evidence of the lability of 
the active enzyme can also be obtained by another method. A large 
amount of active enzyme was formed by incubating the protein with sufh- 
cient Mn** to produce maximal activation. Different quantities of this 
incubation mixture were then added to the test substrate. If the active 
enzyme were completely stable, the proteolytic coefficients (C) should be 
constant, indicating a strict proportionality of activity to enzyme concen- 


TaBLe Il 
Dissociation of l-Leucine-aminoexopeptidase by Dilution 
A buffered solution of MnSO, (0.02 mu) and protein (36 y of protein N per cc.) was 


incubated for 3 hours at 40° and pH 8.0. Aliquots of the incubation solution were 
then added to the test solution of /-leucinamide. 


{Mn**] 104 Protein N Time Hydrolysis | G C average 
moles per i. y per ce. | min. per cent | 

150 19 | 0.83 
210 | 24 

| 240 | 27 | 0.79 | 0.79 
S.0 1.44 | OO 24 0.93 
150 | 37 | 0.93 
210 47 | 0.92 

240 51 | 0.90 0.92 

16.0 2.88 30 20 
60 | 31 | 0.94 
120 55 1.01 

150 64 1.03 | 1.03 
24.0 4.32 30 29 1.15 
45 40 1.15 
60 51 1.20 
75 55 1.07 

120 78 1.27 
40.0 | 7.20 2 30 42 1.09 
60 66 1.09 

1.18 1.12 


tration, or if the amount of enzvme were high in relation to substrate con- 
centration, the relative C values should decrease with increasing enzyme 
concentration (Van Slyke (1) p. 33). Actually, the data in Table Il 
indicate that at the lower enzyme concentrations there is a deficit of 
enzyme activity. Since satisfactory first order velocity constants are 
obtained at each enzyme concentration, there is no appreciable inactiva- 
tion of the enzyme during the measurements. This shows that the 
enzyme is stable at low protein concentrations and the lack of propor- 
tionality between protein concentration and activity must be due to some 


} 


20 


l-LEUCINE-AMINOEXOPEPTIDASE 


other cause. The decrease in activity at low concentrations can be inter- 
preted as due to a dissociation of the active enzvme into its component 
parts, protein and manganese. The dissociation appears to be instanta- 


TaBLeE III 
Enzyme Concentration and Activity after Prolonged Incubation 


The protein (6.63 y of protein N per ec.) was incubated with 0.01 m MnSO, at 
40° and pH 7.9. Aliquots were then pipetted into the reaction flasks containing 
dl-leucylglycine (0.1 mm per cc.). 


| Protein N {[Mn**] 104 | Time Hydrolysis Cic average 
Ars. | y per cc. | moles per |. | min. | per cent 
| | | 60 41 1.43 
| | | 90 70 2.19 
| | 
3 30 30 1.96 
| 51 1.96 
| | | 72 2.30 
17 0.265 150 | 4 0.43 
| 360 7 0.35 0.38 _ 
0.663 | 10.0 | 150 10 0.46 | 
| 16 0.42 
| 21 0.44 0.44 
0.40 
| | 
| | 0.40 
| | 0.40 
7 0.42 
| | 6.0.48 
47 0.50 
| 55 0.48 0.46 
| | 4 04 
270 | 0.44 


neous within the time limits of these experiments. These data for the 
dissociation of the enzyme can be described by Equation 2. 

Enzyme activity proportional to concentration is observed with the 
peptidase over a wide range of enzyme concentrations, provided the ratio 
of Mn** to protein is extremely high. Under these conditions, the ten- 
dency to dissociation is repressed. Such an experiment is presented in 
Table III in which dl-leucylglycine is used as the substrate. Incubation 
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of the protein and Mn** was for 17 hours at 40°. This resulted im the in- 
activation of about 80 per cent of the activity for this substrate but the 
reaction between manganese and protein is complete. The data in Table 
III also show the characteristic rising constants when there is no incubation 
of protein and Mn**. 

For the experiments at higher enzyme concentrations (Table 1), the 
activity would be expected to remain constant at manganese concen- 
trations higher than 0.002 m, whereas at the lower enzyme concentrations 
(Table III) the activity is constant at 0.0004 mM manganese. It can be 
predicted that the effect of manganese concentration at different protein 
concentrations should produce a family of curves in which the apparent 
dissociation constant should vary with the protein concentration. The 
dissociation constant calculated for the data in Table I therefore holds 
only for the particular protein concentration. 

It should be remarked that the situation which has been found to apply 
to this enzyme is not unique. Dissociation phenomena leading to apparent 
lack of proportionality between the amount of enzyme and the measured 
activity will be found for all enzymes which contain a dissociable pros- 
thetic group. Such instances may be observed in the data recorded by 
Irving, Fruton, and Bergmann (6) for the enzymes papain and ficin. These 
enzymes showed strict proportionality of velocity constants to enzyme 
concentration when cysteine was used as the activator. However, when 
HCN was used as the activator with either of these enzymes, or when ficin 
was studied without added activator, the velocity constants increased more 
rapidly than did the enzyme concentration. These data indicate that at 
the lower enzyme concentrations dissociation of an enzyme-activator 
complex occurred and the activator was actually at too low a _ con- 
centration to maintain complete activation. It should be possible to 
measure the dissociation constants of these enzymes for their different 
activators, and it can be predicted that cysteine-papain and cysteine-ficin 
have smaller dissociation constants than their corresponding HCN enzymes. 
These data give an additional indication that cysteine, HCN, and other 
“activators’’ do not act only by effecting some change such as reduction in 
the enzyme. Data of the kind cited can best be explained by the existence 
of labile equilibria of the enzyme and prosthetic group. This is in complete 
accord with the equilibria postulated by Irving, Fruton, and Bergmann(7) 
for the activation of papain-8-trypsinase. 

Manganese and Enzyme Stability—Van Slyke ((1) p. 33) has pointed out 
that part of the activating effect of manganese on arginase described by 
Hellerman and Stock (8) may be due to the increased stability of the 
enzyme in the presence of the metal ions. If such were the case for the 
enzyme used in these experiments, it might speak against the existence of a 
true compound of Mn** and protein. It has already been pointed out 
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that the metal-free protein is, at the same temperature and pH, much more 
stable than is the Mn**-protein compound (4). It was therefore of some 
interest to examine the stability of the leucine-aminoexopeptidase at differ- 
ent manganese concentrations (Table [V). For the short incubation (3.5 
hours), the enzyme is not fully activated and it is not possible to compute 
precise proteolytic coefficients. Nevertheless, during the 96 hour incuba- 
tion it may be computed that more than 95 per cent of the activity is lost 
at the two higher manganese concentrations, while at the lower concen- 
trations there is no apparent loss of activity. The apparent complete 
stability under the latter circumstances is somewhat fictitious. Since only 


TABLE IV 
Stability of l-Leucine-aminoexopeptidase at Different Manganese Concentrations 
Incubation of protein (33.1 y per cc.) was at 40° and pH 8.0 at concentrations of 
MnO, 12.5 times those given below. The samples were then tested for activity with 
dl-leucylglycine as the substrate. The enzyme concentration in the test mixtures 
was 2.65 y of protein N per cc. 


| | = 8X | = 8 x | | (Mn**] 2X | No added Mn 
Time of | | | 
hrs. | min. percent) min. percent min. per cent min. percent min. percent 
360 8 360 7 360 | 54 | 360 | 37 


} 
Activity re- | 
| 


maining,% Less than5 Less than5 More than 95 | Ca. 100 


- 


about 10 to 20 per cent of the enzyme is activated, it will be this activated 
enzyme which is destroyed and more active enzyme will form by combina- 
tion with manganese in accordance with the equilibrium postulated in Equa- 
tion 1. As long as there is a sufficient reserve of unactivated protein, there 
will be no apparent loss of activity, but when this reserve is exhausted, the 
measured amount of enzyme will decrease. 

Electrophoretic Analysis—Recently, the opportunity was available for 
electrophoretic analysis of two of our enzyme preparations. ‘These prep- 
arations were made in 1941. Preparation C was prepared as previously 
described (4) by precipitating the extract of an acetone-dried powder with 
ammonium sulfate (40 to 60 per cent saturation). Preparation D was 
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collected from the supernatant of Preparation C by raising the ammonium 
sulfate concentration to SO per cent of saturation. Both Preparations C 
and D were thoroughly dialvzed in the cold against distilled water, the 
insoluble precipitates discarded, and the clear filtrates dried ¢n vacvo from 
the frozen state and held in the desiccator. After 4 vears, no loss in 
solubility had oecurred. Electrophoresis was performed in a_ Tiselius 
apparatus equipped with the Longsworth scanning device (9). Only the 
descending boundaries were used for measurement. The runs were per- 
formed at 1° in veronal bufier of an ionic strength of 0.1. 

The data for two runs are presented in Table V. Preparation C which 
had a proteolytic coefficient (C;¢,) of 1.9 showed the presence of three com- 


TABLE V 
Klectrophoresis of Prepar@tions of l-Leucine-aminoeropeptidase 
Electrophoresis was performed at 1° with veronal buffer of ionic strength 0.1. 
pH values were measured with a glass electrode at 25°. Mobilities are in sq. em. 
per volt second. 


Con 
tion uX u u u 
108 105 105 10 
: per per per per per 
per cent cent cent cent cent cent 


C. 40-60°, satu- 
rated 
& | | 4.3; 42 | 5.6; 17 | 6.8: 41 18.33 
D. 60-S0°, satu- | 
rated (NH,).- | 


ponents. Preparation D which was of lower activity had even more bound- 
aries. Comparison of the two preparations indicates that the component 
of mobility 4.3 to 4.7 is the only one which bears a relationship to the en- 
zyme activity. It is therefore likely that the enzyme activity is associated 
with this component. If it is assumed that all of this component is the 
enzyme, it mav be calculated that the homogeneous enzyme, would have 
a proteolytic coefficient (Cyc) of 4.5 calculated from the 42 per cent purity 
of Preparation C. It should be remarked that the highest activity re- 
ported for any proteolytic enzyme is 8.5 for carbobenzoxyglycy]-l-pheny}- 
alanine (10). The pure /-leucine-aminoexopeptidase would therefore be 
expected to have an activity of approximately the same order of magnitude. 

Preparation C was redialyzed with the same buffer plus 0.001 wm Mn** 
and run in the electrophoresis apparatus as before. Distinct changes in 
mobility were found: one component changed from 4.3 to 3.8 & 107°, and 
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the fastest from 6.8 to 5.3 & 10~°; the intermediate component could no 
longer be distinguished, and appeared to be included with the other 
two. With the smaller difference in the mobility of the compon- 
ents, the separation was no longer as distinct as earlier in the short 
time (150 minutes) during which good observation was possible at the low 
protein concentration. Similar decreases in the mobilities were found when 
the electrophoretic behavior of Preparation D was observed in the presence 
of 0.001 Mm MnsSQ,. 

The observed drop in the mobilities suggests a suppression of carboxyl 
groups and is consistent with the view that the combination of Mn++ with 
the proteins is non-ionic in nature, which is also indicated by the long 
activation time of the enzyme. Since it is known that electrophoretic 
mobility may be correlated with the titration curves of various proteins 
(11, 12), the observed mobility changes are in agreement with observations 
of Main and Schmidt (13) on the combination of Mn** with proteins 
and amino acids. 


DISCUSSION 


Mann and Lutwak-Mann (14) have pointed out in a recent review that 
an increased enzyme activity caused by the addition of a metal ion does 
not necessarily indicate that the metal is part of the active enzyme com- 
plex. They cite as an example early experiments which indicated that 
laccase was &@ manganese compound because of the activating effect of this 
ion, whereas the highly purified laccase of Keilin and Mann (15) is a copper- 
protein. It is felt that this is a timely warning and the evidence presented 
in this paper has been examined in the light of this statement. If the action 
of the metal ion were not due to formation of a true metal-protein enzyme, 
there are several possible-modes of action of the metal. One way would 
be by combination with a specific inhibitor; a second possibility would be by 
stabilization of the enzyme, in the same way that colloids such as protein 
or gum arabic in high concentrations are known to stabilize many enzymes. 
These two possibilities will be examined below, and it will be demonstrated 
that specific evidence can be adduced to rule out both of these ideas. 

As evidence for the fact that /-leucine-aminoexopeptidase is an easily 
dissociated metal compound (Mn++ or Mg**) the following may be sum- 
marized. 

1. Purification of the enzyme leads to a progressively greater activation 
by metal (4). If the rdle of the metal is one of combining with some 
inhibitor, it should be expected that the proportionate amount of inhibitor 
should decrease on a purification of 30- or 40-fold in terms of protein N 
and many times higher on a dry weight basis. Dialysis would be expected 
to remove a low molecular weight inhibitor; actually dialysis causes a 
decrease in enzyme activity. 
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2. The activation of the enzyme with metal is a time reaction which 
requires some hours for completion under ordinary experimental condi- 
tions. During the course of activation, the rate of hydrolysis shows a 
steady increase. Such an increase in enzyme activity cannot be explained 
in terms of stabilizing influence. 

3. The metal ion does not produce any apparent stabilization, since the 
fully activated enzyme is more easily inactivated at 40° and pH 8.0 than 
is the unactivated enzyme. (Also see Schwimmer (16).) Moreover, the 
activated enzyme under equilibrium conditions is completely stable during 
the ordinary determination of enzyme hydrolysis of substrate, as shown 
by the fact that first order velocity constants may be obtained even over 
long periods of hydrolysis (Tables II and III). Likewise crude extracts 
which require no metal activation are much less stable than highlv purified 
ones which do. 

4. The activation of the enzyme with manganese follows the usual 
mass law equation. 

5. Crude enzyme extracts (as well as purified preparations) are inhibited 
by the usual compounds which act by combining with metals; 7.e., HCN, 
HS, etc. (17). The inhibition of crude extracts shows that the enzyme 
is present in the tissues in combination with a metal ion. 

6. The activation of the enzyme is highly specific for Mn** and Mg**; 
no activation has been found for other metal ions such as iron, nickel, 
cobalt, zinc, and calcium. Some of these ions, so similar in chemical 
properties to Mn*+ and Mg**, might be expected to act in the same way 
towards an inhibiting substance. The activation by Mg** shows that no 
oxidation-reduction system is involved. 

7. The specific /-leucine-aminoexopeptidase is extremely wide-spread in 
nature (18). This enzyme regardless of source is strongly activated by 
both Mn*+* and Mgt-. 

8. There appear to be many distinct peptidases which require the pres- 
ence of a metal ion for maximal activity, the purified yeast peptidase of 
Johnson (2) and the partially purified prolidase (4) from hog intestinal 
mucosa may be cited as examples. Prolidase is particularly interesting 
in this connection, since no metal ion other than Mn*+* has been found to 
produce activation. Most of the peptidases which have been found to be 
strongly activated by metal ions have not been purified but there can be 
no doubt as to the wide-spread occurrence of metal-activated peptidases 
and their large number.! 


‘In intestinal mucosa alone, many of the activities present in a dialyzed crude ~ 
extract are strongly activated by metal ions. Simple purification steps show that 
most of these activities can be partially separated or differentially inactivated from 
one another. For example, the bulk of the activity towards l-alanylglycine (Mn*~*- 
activated) is readily removed from /-leucine-aminoexopeptidase (4). The enzyme 
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9. Both Mn** and Mg*~* are known to form complexes with proteins 
and amino acids (19). Measurements on titration curves of amino acids 
and proteins show a distinct suppression of the ionization of carboxy] 
groups. Such a change in ionization is also shown by the changes in 
electrophoretic mobility which occur in the proteins present in the partially 
purified /-leucine-aminoexopeptidase. 

In conclusion, the available evidence all points to the fact that /-leucine- 
aminoexopeptidase is a true metal-protein compound. While the rdle of 
the metal is as yet unknown, the fact that complete activation may require 
many hours indicates that some type of complex formation occurs rather 
than a simple ionic reaction. 


SUMMARY 


1. The effect of Mn** on l-leucine-aminoexopeptidase has been de- 
scribed. With /-leucinamide as substrate, the combination of Mn++ 
and protein to form active enzyme may be described by a simple mass 
law equation. 

2. Active enzyme dissociates to its component parts on dilution so that 
activity is not proportional to enzyme concentration unless a large excess 
of manganese is present. 

3. It is shown that the stability of the unactivated protein is much 
greater than that of the active enzyme. 

4. Some electrophoretic studies on the partially purified /-leucine- 
aminoexopeptidase are reported. 

5. The available evidence for classifying /-leucine-aminoexopeptidase 
as a true Mn**-protein compound and for the existence of a whole class 
of similar metal-protein peptidases is summarized. 
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ZINC TOXICITY IN RATS 
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The evaluation of the nutritional quality of foods and feeds requires a 
more definite knowledge of the physiological réle of the various micro 
nutrient inorganic elements in the animal body than is now available. 
Problems of immediate concern include the effects of one or more of these 
elements on the utilization of another, for example the effect of traces of 
arsenic in reducing the toxicity of selenium (Moxon and Rhian (8)) and 
of copper in reducing the toxicity of molybdenum (Ferguson et al. (3)). 
It is the purpose of this paper to summarize studies of an anemia and sub- 
normal growth induced in rats by high zine diets and the antagonistic 
effects of copper and liver supplements. 

Ferguson et al. reported that certain ‘‘teart’’ pastures in England which 
were toxic for cattle contained a large amount of molybdenum and that 
this molybdenum toxicity could be prevented by drenching the cattle with 
a solution of copper sulfate. Such observations as well as those to be re- 
ported in this paper point to the possibility of deficiencies occurring in 
grazing animals, which are relative rather than absolute. It is usually 
concluded that if ‘‘sick’’ animals respond favorably to dietary supplement, 
such as copper for example, the animals and the feed they consumed were 
copper-deficient and copper therapy is advised. It may be that such 
therapy only partially corrects the condition, for, as pointed out in this 
study and in that of Ferguson ef al., copper deficiency may be relative to a 
high content of some other factor in the feed which renders a normally 
adequate copper content inadequate. 

The present study was stimulated by the report of Sutton and Nelson 
(11) who observed that excess dietary zine produced an anemia, subnormal 
growth, and reproductive failure in rats. These observations were fully 
confirmed by the authors. Further studies showed that feeding a mixture 
of iron, copper, and cobalt salts largely or completely prevented the anemia 
and that a supplement of liver extract partially prevented the subnormal! 
growth. These preliminary observations led to more detailed experiments 
which are reported below. 
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EXPERIMENTAL 
Methods 


The basal diet used in these studies was a commercial calf meal which 
has proved over many vears to be an adequate stock diet for rats (Maynard 
(7)). Zine was thoroughly mixed into this calf meal as c.P. zine carbonate 
and fed ad libitum to the rats. The supplements of liver extract! and iron, 
copper, and cobalt salts were mixed in a few ml. of milk and fed to the 
animals daily in Pyrex glass cups. When these supplements were fed, the 
daily amounts were 2 mg. of iron as ferric pyrophosphate, 0.2 mg. of copper 
as cupric sulfate, 0.2 mg. of cobalt as cobaltous chloride, and 1 gm. of liver 
extract. The rats were from our colony which originated from Sprague- 
Dawley stock. Young rats ranging from 4 to 6 weeks of age were started 
on each experiment. They were kept in individual wire screened cages 
during the studies which usually lasted from 4 to 6 weeks. Hemoglobin 
levels were determined periodically on blood samples secured by clipping 
the tails. At the end of the experiment approximately 0.5 ml. of blood was 
removed by heart puncture, mixed with heparin to prevent coagulation, 
and subjected to various determinations in duplicate. Hemoglobin was 
determined in a photoelectric colorimeter as oxvhemoglobin (Sheard and 
Sanford (9)). Red cells and leucocytes were counted in the usual manner. 
The red cell volume (centrifuge hematocrit) was determined with the 
modified centrifuge tubes described by Gruneberg (Smith (10)). Blood 
smears were prepared for microscopic study by staining with hematoxylin 
and eosin. 


Results 


In a series of preliminary experiments in which a level of 1 per cent of 
zine in the diet was used, the following observations were made. Hemo- 
globin decreased to levels of severe anemia in 3 to 5 weeks. The rats 
eventually stopped growing and many of them died before the 6th week, 
particularly the youngest rats of the group. The hair was unkempt; the 
rats walked with a highly arched back and were very irritable when handled. 
If in addition to the high zine diet a mixture of iron, copper, and cobalt 
salts was fed, the hemoglobin remained at or near to normal levels over the 
4 to 6 week period, but body weight remained subnormal. If in addition to 
the 1 per cent zine diet liver extract was fed, the hemoglobin dropped to 
levels comparable with those of rats fed the high zine diet alone; however, 
growth was maintained near the normal level and the rats lived for longer 
periods of time. It thus appeared that the excess dietary zine had at least 


1 Liver extract powder, Eli Lilly and Company. 
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two effects: (1) it produced an anemia, and (2) it produced a sulbnormal 
rate of growth that was not secondary to the anemia. 

Two factorially designed experiments were then conducted. One was 
designed primarily to study the effects of iron, copper, cobalt, and liver 
extract on the course of the anemia, which for convenience will be referred 
to as ‘‘zinc anemia.’”’ The other experiment was designed to study the 
effect of liver extract on the subnormal growth induced by the feeding of 


TABLE I 
Mean Hemoglobin Values of Group on Each Treatment 


Mean Hb value* 


Treatment per 100 ml. blood 


* Mean of five rats. 


excess zinc. Detailed studies were made of the blood picture of rats in 
the second experiment. 

Zinc Anemia—The 1 per cent level of zine used in the preliminary ex- 
periments was so toxic that many (up to 75 per cent) deaths resulted in 
3 to 5 weeks. A pilot study was conducted testing the effect of various 
levels of zinc on the decrease in hemoglobin level. By feeding zine at 
various levels ranging from 0.4 to 1.0 per cent of the diet it was found 
that a level of 0.7 per cent produced a marked anemia in 4 weeks and per- 
mitted the rats to live for relatively long periods of time. Accordingly, a 
level of 0.7 per cent zinc was chosen for the next experiment which involved 
the dietary supplements of iron, copper, cobalt, and liver extract, each at 
“high” and “low” levels in all possible combinations. The high level 
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indicates the addition of the supplement in amounts previously mentioned, 
and the low level indicates no addition of the supplement to the high zine 
diet. This was a 2* factorial experiment with five replications. 80 rats 
of mixed sexes, ranging in age from 30 to 40 days and in weight from 
36 to 71 gm., were divided at random (Fisher and Yates (4)) into 
sixteen groups of five animals each. Sixteen animals, one animal receiving 
each treatment, constituted a block. The rats in each block were arranged 
at random in a battery of cages, giving five batteries or blocks. The five 


TABLE II 


Analysis of Variance of Hemoglobin Levels of Rats Fed Various Supplements in 
Addition to High Zine Diet 


Source of variation | | df Mean square 


Replications......... 4 8.34% 
4.90 
76.05* 
38.64" 
| 0.39 
] 2.38 
Fe X Cu X Co.. | S.O6F 
ke ] 3.98 
te 40 X iver. 3.04 


* Significant at the | per cent level. 


+ Significant at the 5 per cent level. 


batteries were distributed in the air-conditioned animal room, and differ- 
ences between batteries served as a measure of positional effects. The rats 
were weighed weekly during the experiment, which was terminated at the 
end of 6 weeks. At this time blood samples were taken by heart puncture, 
and the hemoglobin level determined. The mean hemoglobin values of 
the different groups are summarized in Table I. Table Il presents a sum- 
mary of the analysis of variance of the hemoglobin values. 

The analysis of variance showed that the rats fed the high zine diet plus 
copper or liver extract had higher hemoglobin levels than those rats fed 
the high zine diet without added copper or liver extract. ‘These differences 
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were highly significant. Also, there was a significant interaction of copper 
and liver extract due to the fact that copper supplements produced a 
greater response in the hemoglobin level in the absence of liver than it did 
in the presence of liver extract. There was a significant interaction of iron 
by copper by cobalt, which resulted in a higher hemoglobin level than 


would be expected if additive effects of the metals fed singly or in combina- 


tions of any two were involved. There was a highly significant difference 
between replications, indicating that some factor or factors associated with 
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Level of supplement 

Fic. 1. The hemoglobin level of the rats fed the various supplements at 0 and 1 
levels. The O level indicates that the supplement was not fed and the | level that 1t 
was fed. Each point is the average hemoglobin level of forty rats. The difference 
between the hemoglobin levels of the rats not fed additional copper salts and those fed 
copper salts in addition to the high zine diet is highly signifteant. The same holds 
true for the difference between the rats not fed liver extract and those fed liver ex- 
tract (1). 


the position of the five replications introduced a difference in hemoglobin 
levels that was highly significant. Since the room was air-conditioned and 
maintained at a temperature of 24.4°, the factor probably is not temperature 
variation. <All other sources of variation were non-significant. 

The hemoglobin levels observed at high and low levels ot iron, copper, 
cobalt, or liver extract are graphically presented in Fig. 1. 

Growth—In the toregoing experiment the effects of the various treatments 
on growth were tested by an analysis of variance, and the addition of liver 
extract to the diet was associated with significantly better growth (odds 
19:1) than was the case for those rats fed the basal diet plus 0.7 per cent 
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zinc. However, previous observations indicated that a much more marked 
effect could be obtained with liver extract when the higher levels of zine 
were fed. Accordingly, a second factorial experiment was set up involving 
a basal diet containing 1 per cent of zinc and supplemented with liver 
extract and the mixture of iron, copper, and cobalt salts, each at a high 
and low level. The mixture of iron, copper, and cobalt salts was chosen, 
since it most effectively prevented a drop in hemoglobin level among the 
various combinations of the elements. This was a 2° factorial experiment 
with ten replications. 

Forty rats, ranging in age from 26 to 29 days and in weight from 42 to 
82 gm. and consisting of twenty males and twenty females, were allotted 
at random to the four groups treated differently, leaving five male and five 
female rats in each group. The rats were caged individually and dis- 
tributed at random on five shelves of a cage battery, so that each shelf con- 


TABLE III 


Mean Initial and Final Weights of Rats Fed High Zine Diet and Various Combinations 
of Liver Extract and Iron, Copper. and Cobalt 


Treatment Mean initial weight* Mean final weight* 
| cm. gm. 
Pay Ge... .... | 64.5 120.8 


* Mean weights of ten rats (five males and five females). 


tained eight rats, one on each treatment, resulting in five replications. 
The rats were weighed weekly during the experiment which ran for 5 weeks. 
At the end of this time, blood samples were taken from all rats except the 
group which received all supplements; that is, iron, copper, cobalt, and 
liver extract. Red cell counts, leucocyte counts, hemoglobin, and hema- 
tocrit determinations were made. A group of ten comparable rats which 
received the calf meal alone (stock diet) was also studied to provide control 
values for comparison. 

The mean initial and final weights of the rats on each treatment are 
summarized in Table III. The analysis of variance of the growth data is 
summarized in Table IV. 

It will be noted that the liver extract supplement to the high zine diet 
induced a positive growth response which when compared to the growth 
of rats fed the high zine diet alone gave a difference that was highly sig- 
nificant. Although the supplement of iron, copper, and cobalt maintained 
hemoglobin at levels significantly higher than in those rats fed the high 
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zinc diet alone (Table V), it had no effect in counteracting the subnormal 
growth induced by the excess dietary zine. A significant (99:1) sex differ- 


TaBLe IV 
Analysis of Variance of Growth Data of Rats Fed High Zine Diet and Various 
Combinations of Liver Extract and Mixture of Iron, Copper, and Cobalt 


Source of variation df Mean square 

Replications XK sex...... 4 | 664 


* Significant at the 1 per cent level. 
+ Used to test the significance of liver and Fe, Cu, and Co. 
~ Used to test the significance of replications and sex. 


TABLE V 


Blood Pictures of Rats Fed the Zine Diet Alone or Plus Liver Extract or Fe, Cu, and Co 
Supplements along with Those for Comparable Rats Fed a Stock Diet 


| Mean cell 
Mean | Mean Mean cell Meancell Leucocyte 
Treatment Mean Hb r.b.c. | hematocrit volume ae or Hb count 
| 
#00 millions percent | cu. microns per cent "0-' thousands 
meme... 8.36 9.64 | 35.5 25.4 290.0 
| £0.622  +0.577 | 41.72 +1.07 +0.52 +). 26 +2.0S 
Liver..... ; 8.77 9.27 35.5 358.6 24.5 9.5 40.3 
+0.604 +). +1.39 +1.19 +0.69 
<u, Co. | Bees 12.04 47.4 36.8 2i .3 10.0 19.1 
+0.614 +0.611 42.40 +1.49 +0.S4 +0.33 +1.55 
Stock. | 16.04 $8.52 SU. 4 59.3 31.8 22.0 


+0.149 t0.194 +0.59 +1.15 t0.47 +0.24 


- — 


Each of the readings is the mean of ten (no treatment and liver) or eight rats with 
its standard error. 


ence in growth was found due to the more rapid growth of the males, as 
would be expected. A highly significant sex by liver interaction was 
accounted for in the observation that male rats responded more than did 
female rats to the liver extract supplement. 

Blood Picture—The results of the blood studies are summarized in Table 
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V. The significance of differences of treatment was determined by the 
t test. 

In comparing the group that received no treatment, that is those rats 
which received the high zine diet alone, with the stock rats, it will be® 
observed that hemoglobin and hematocrit values are lower. These differ- 
ences are highly significant. Although hemoglobin values are lower, the 
mean red cell count of the untreated group is slightly higher than that of the 
stock rats. This difference is not significant. The mean cell volume is 
significantly less (odds 99:1) than normal, which shows that the zinc anemia 
is microcytic. Also, the mean concentration of hemoglobin per red cell is 
significantly less (odds 99:1) than normal, and this shows the anemia to be 
hypochromic. The zine anemia is, theretore, morphologically classified 
as microcytic and hypochromic. The leucocyte counts of the untreated 
group are significantly higher than normal. Apparently, the excess dietary 
zine affects the leucogenic as well as the ervthrogenic line of cells. Mlicro- 
scopic examinations of the blood smears of the untreated rats confirmed 
the presence of microcytosis and hypochromia. In addition there was a 
definite basophila, as noted in the many red cells which took the hema- 
toxylin stain. Poikilocytes were present, but not numerous. 

The addition of liver extract to the high zine diet did not significantly 
change the blood picture exhibited by the untreated group except to induce 
a further rise in the leucocyte counts. This difference was significant. In 
the previous experiment in which the dietary level of zinc was 0.7 per cent, 
liver extract maintained the hemoglobin at a level significantly higher than 
in those rats not fed the liver supplement. However, in this latter ex- 
periment, in which the zinc level was 1 per cent, liver extract had no sig- 
nificant effect on the hemoglobin level. 

The addition of iron, copper, and cobalt salts to the high zine diet pro- 
duced a rise in hemoglobin level, red cell count, and hematocrit. ‘These 
increases were all highly significant. The red cell counts of the iron-, 
copper-, and cobalt-supplemented rats were even higher than that of normal 
rats. This difference was highly significant. 


DISCUSSION 


The results of this study show that the addition of zinc to an otherwise 
adequate diet for rats induces at least two symptoms, (1) an anemia that 
ean at least partially be prevented by an additional supplement of copper 
salts, and (2) subnormal growth that can be partially prevented by an addi- 
tional supplement of liver extract. 

In so far as the anemia is concerned, additional supplements of tron or 
cobalt salts had no effect, although the combination of iron, copper, and 
cobalt salts maintained hemoglobin at slightly higher levels than copper 
alone at the dietary levels of zinc and the supplements used in this study. 
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It is possible that the feeding of levels of copper higher than that used here 
would maintain hemoglobin at normal levels. Liver extract fed as a sup- 
plement to a 0.7 per cent zinc diet maintained a hemoglobin level higher 
than that found in rats fed the high zine diet alone, but it had no significant 
effect on the level of hemoglobin when the level of zine was 1 per cent. 
Liver extract may have affected the course of the anemia through its con- 
tent of iron, copper, and cobalt. 1 gm. of liver extract furnished an average 
of 0.11 mg. of iron, 0.03 mg. of copper, and 0.0002 mg. of cobalt. These 
amounts were considerably less than those furnished by the salts. 

A review of the literature revealed another suggestion of a dietary copper- 
zinc relationship. The condition of enzootic ataxia in lambs in Australia 
has been associated with a dietary deficiency of copper (Bennetts and Beck 
(1)). Swayback, a disease similar to the enzootic ataxia of Australia, is 
wide-spread in Great Britain, and copper supplementation has been found 
to be an effective preventive (Dunlop ef a/. (2)), but in contrast to the 
‘ataxia’ pastures of Australia the “swayback”’ pastures of Britain are 
well supplied with copper (Innes and Shearer (6)). These findings lead 
Shearer to suggest that some unknown factor in the “swayback”’ pastures 
affected the utilization of dietary copper. Such pastures were found to 
have a high calcium to phosphorus ratio and a high content of zine and 
lead, and it was suggested that one of these may affect the absorption of 
copper. 

Iron, copper, and cobalt salts had no effect on the subnormal growth 
induced by the high zine diet, but liver extract supplements gave highly 
significant growth responses. Liver extract, then, furnished some factor 
or factors that the zine additions rendered inadequate. In this connection 
Gross et al. (5) reported that 4 to 6 mg. of zine chloride fed to rats in addi- 
tion to a synthetic diet precipitated a deficiency svndrome that could be 
cured by the additional feeding of calcium pantothenate. Our rats fed 
the high zine diets did not show any characteristic symptoms of panto- 
thenic acid deficiency. In a pilot experiment, rats were fed the high zine 
diet and in addition a supplement of 100 y of calcium pantothenate per 
dav. This supplement had no effect on the hemoglobin level or on the 
rate of growth. Apparently the deficiency induced by the zine carbonate 
additions and corrected by the liver extract is not related to pantothenic 
acid. Further work is required to determine the active fraction in the liver 
extract. 

The significant differences found among replications, 7.¢c. positional 
effects, in the first study are worthy of further comment. The majority 
of nutritional experiments are conducted with the assumption, consciously 
or unconsciously, that positional effects are either not present or that they 
are of a magnitude that is insignificant. The results reported here showed 
that positional effects were significant as related to hemoglobin level even 
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in a small air-conditioned animal room. Even though positional effects 
may for the moment be uninterpretable or may not be considered to be of 
interest in a particular study, an estimation of their magnitudes would be 
justified in the interests of increased precision. In a properly designed 
experiment, the effect of position of the animals may be estimated and 
removed from the total source of variance, permitting greater precision in 
the estimation of the effects of the variables under study. Another reason 
for designing experiments in which positional effects can be estimated is 
to prevent confounding positional effects with treatment effects. Such 
confounding may lead the experimenter to conclusions that treatments were 
significantly different when the differences may have been due to the posi- 
tion of the animals. 


SUMMARY 


The feeding of excess zinc to young rats induced a microcytic and hypo- 
chromic anemia and subnormal growth. The additional feeding of copper 
maintained the hemoglobin at significantly higher levels and a mixture of 
iron, copper, and cobalt essentially maintained hemoglobin at normal 
levels, although iron or cobalt supplements alone had no effect. Iron, 
copper, and cobalt had no effect on the subnormal growth of zinc-fed rats, 
but supplements of a liver extract produced a highly significant growth 
response. The liver activity is apparently not due to pantothenic acid. 

Studies such as this point to the possible occurrence of relative deficiencies 
in addition to absolute deficiencies in the field; that is, animals may be 
deficient in one mineral relative to an excess of some other. 


The authors are grateful to Dr. H. L. Lucas for aid in the statistical 
analyses. 
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Nerve impulses are conducted with great velocity. In mammalian nerve 
the speed of conduction may be as high as 100 meters per second. The 
energy required for the propagation of the impulse is extremely small, being 
less than 10-7 gm. calorie per gm. and impulse. It is impossible to de- 
termine directly the chemical cell constituents involved in such a rapid 
process, especially since they occur in quantities of the order of magnitude 
of fractions of a microgram. However, the enzymes catalyzing the chem- 
ical reactions connected with conduction are relatively stable, and, by 
their study, valuable information as to the biochemistry of this process may 
be obtained. Investigations on cholinesterase, an esterase specific for 
acetylcholine, have established that the enzyme is highly concentrated in 
nerve tissue. The concentration is sufficiently high to permit the assump- 
tion that the rate of acetylcholine metabolism may parallel that of the 
electric changes observed during the conduction of the nerve impulses. 
The amount of acetylcholine which may be hydrolyzed per millisecond, ¢.¢. 
during the passage of an impulse, may cover a considerable surface area. 
The enzyme, moreover, is localized exclusively in the neuronal surface, 
where the bioelectrical phenomena occur (1). 

These facts make possible the assumption that acetylcholine is directly 
connected with the conduction of the nerve impulse, that is with the nerve 
action potential. However, studies of enzyme activities in vitro are in- 
sufficient for the interpretation of the precise réle of a chemical compound in 
a cellular mechanism. They have to be correlated with a process occurring 
in the living cell. Such a correlation could be established in experiments on 
the electric organ of fish. It was found, in 1937, that the electric organ of 
Torpedo marmorata may hydrolyze 2 to 3 gm. of acetylcholine per gm. per 
hour. ‘This is the first recorded evidence for a possible relationship between 
cholinesterase and the electric discharge. A similarly high concentration 


* This work was made possible by grants of the Josiah Macy, Jr., Foundation and 
the Dazian Foundation for Medical Research. 
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of the enzyme was found in the electric organ of Electrophorus electricus. 
This extraordinary enzyme concentration appears particularly significant 
in view of the low protein content of these organs (2 per cent). In the 
weak electric organ of the common ray the concentration of the enzyme 
is low. 


The voltage of the discharge in these organs depends upon the number of | 


electric plates. Each plate has a voltage of the order of 0.1 volt, which is 
the same order of magnitude as that found in ordinary nerves. The dis- 
charge is basically identical with the ordinary nerve action potential, the 
only difference being the arrangement in series (2). The greater the num- 
ber of plates in series, the higher the voltage. If in the three species men- 
tioned voltage per cm., number of plates per cm., and concentration of 
cholinesterase are compared, a parallelism becomes obvious (3). 

A more quantitative relationship between voltage and cholinesterase 
has been established in experiments on the electric organ of Electrophorus 
electricus. In this organ the number of plates and the voltage per cm. 
decrease from the head to the caudal end of the organ, and the cholinester- 
ase concentration decreases in similar proportion (4, 5). Also, at cor- 
responding points along the organs of different specimens, wide variations 
are found in the voltage and the number of plates per ecm., especially when 
the specimens are of different size. Even if measured on different speci- 
mens, the enzyme activity and voltage appear to have the same ratio. 

A parallelism between the activity of a specific enzyme and a physical 
event recorded on the intact animal with a highly sensitive method (cath- 
ode ray oscillograph) is always important. In order to examine how 
quantitative this parallelism may be, it appeared necessary to test a larger 
number of specimens of varving sizes and at different areas of the same 
organ. The data obtained are presented in this paper. 


Methods 


Both the electrical and the chemical methods used were the same as 
described previously (5). The distance between the two electrodes was 
always 5 cm., whereas in earlier experiments it was 5 em. for small and 
10 em. for large specimens. The voltages indicated in Tables I to IV are 
always the maximum voltages obtained on an open circuit. Tetanic dis- 
charges of the fish were carefully avoided, as this soon resulted in fatigue 
with consequent decrease in voltage. If this were the case, the fish was 
allowed to rest in the tank for a considerable length of time until com- 
pletely recovered or another specimen was used. 

The grinding of the tissue (100 to 200 mg. each) was always carried out 
mechanically by a homogenizer with the addition of silicate powder. ‘The 
importance of this addition for obtaining a homogenized suspension with 
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complete destruction of the cells has been previously emphasized. On 
several occasions, two determinations were made with the same suspension. 
Excellent agreement was always obtained, indicating that the suspensions 
were really homogeneous. 


Results 


The specimens available ranged from 44 to 133.5 em. in length. There 
are two pairs of electric organs in Electrophorus electricus. One pair with 
high voltage, the so called large electric organs, is found all along the an- 
terior part of the fish; the other pair with low voltage, the bundles of Sachs, 
is located in the posterior part. The highest voltage per em. was 22 volts, 
which was obtained in a specimen of 48.5 em. in length in the portion elose 
to the head end of the large electric organ. The lowest voltage obtained 
was 0.55 volt per em. in the bundles of Sachs of a specimen of 114.5 em. in 
length. 

Tables I to IV give all the data obtained. In Table I are recorded the 
experiments on the large electric organs with small specimens; in Table II 
those with medium sized and larger specimens. Electric measurements 
were made on two or three segments of each specimen and one or two sam- 
ples were taken from each point recorded for chemical analysis. In ex- 
periments on four specimens, five samples were used for chemical analysis 
from each point recorded electrically in order to obtain a more complete 
picture of the possible range of variations of the enzyme concentration in a 
given segment. These data are summarized in Table III. Since the sus- 
pensions were really homogeneous, as the control determinations mentioned 
above had shown, a lack of agreement of duplicate and quintuplicate deter- 
minations on various parts of a single segment gives a measure of the 
heterogeneity of the tissue. This heterogeneity is measured by a standard 
deviation on the duplicate or quintuplicate determinations of 19 units of 
concentration and is about 9 per cent of the average concentration. This 
is easily conceivable, since the samples taken from the same segment will 
vary to a certain degree in their histological composition (7.e., the amount 
of connective tissue, or, more generally speaking, the ratio of inactive tissue 
to active tissue may not always be exactly the same). 

In Table IV a few data are given of determinations on the bundles of 
Sachs. They are rather difficult to carry out on living fish since at that 
part where the bundles of Sachs are located there is usually a large layer of 
subcutaneous fat and in trying to cut out the electric tissue the swim blad- 
der is easily punctured, an event fatal to the fish. Two data were used 
from earlier measurements. 

In the last column of Tables I to IV, the quotient of cholinesterase over 
voltage (ChE/1V) is recorded. 55 such quotients have been obtained. 
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TABLe [| 


Relationship between Concentration of Cholinesterase an! Voltage of Action Potential 
V) 

The large electric organs of small specimens were used. L = length of the fish in 
cm.; D = distance of the electrodes from the anterior end of the strong electric organ 
inem.; V = maximum voltage per cm. in volts; QChE = mg. of acetylcholine split 
by 100 mg. of fresh tissue in 60 minutes; s = data obtained from a single piece of 
tissue; a = average from two or more. 


| 5 a 
44.0 0.5- 5.5 15 461 
| 8.5-13.5 14 
48.5 292 392 17.8 
9.0-14.0 16 242 
54.5 0.5- 5.5 19 325 Le 
12.5-17.5 12 OTS 
54.5 0.5- 5.5 21 454 
10.5-15.5 15 
64.0 1.0- 6.0 20 435 
| 
10.0-15.0 1 25: | 
66.5 | 0.5- 5.5 15 
10.5-15.5 | 
ne 0.5- 5.5 16 se | 15.5 
| 10.0-15. | 72 : 
i 
18.0-23. | 5 
| 9.8 | 204 21.5 
1.0- 6.0 16 
| 312 19.5 
| 316 | 
11.0-16.0 2 2 
| 287 23.9 
9 212 
77 7 20; 
74.0 ] O86 16.8 
ait 
10.0-15.0 13 259 19 Q 
525.5 2 | 
0.5-25.5 197 22 


When two or more samples were taken from one segment, the average ob- 
tained was used for the calculation of the quotient. The average value of 
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the 55 determinations is 20.7 with a standard deviation of +0.7. This in- 


ntiad =«=—s- dicates that the true average ratio probably lies within 20.7 + 1.4. The 
shin II 

rgan | Relationship between Concentration of Cholinesterase and Voltage of Action Potential 
oplit Ch E/ } 

of 


The large electric organs of medium sized and larger specimens were used. The 
abbreviations are as in Table I. 


OCbE 


ChE 
a 
92.5 26 .0-31.0 115 20.2 
93.0 2.0- 7.0 242 7.3 
}-2: 
| 27 .5-32.5 4.5 110 24.5 
a. 5 37 
| 7.6 15 359 22 5 
9 
27 0-32. 8.2 2 
| 7 .0-32.0 
98.5 6 .5-31.5 139 17 
9 9 
15.0-20.0 8.6 ate 
| 29 .0-34.0 4.5 
113.0 27 .0-32.0 64° 123 18.7 
114.5 34.5-39.5 7.7 | 151 19.6 
123.5 1.0 6.0 3 | oe 156 8 
18.0-23.0 7.0 108 
28 .0° 5.3 72 13.6 
131.0 31.0-36.0 ee 158 19.8 
‘ 9 ¢ - oO 
133.5 2.0- i 12 | 170 14.2 
23 0-28. 5 
| 134 13.4 
38 .0-43.0 5.4 75 | 


59 quotients are quite variable, however, as indicated by the standard devia- 
tion of +5.1 for a single measurement. Indeed it may be observed from 
Tables I to IV that the ratios vary from 13.4 to 35.3, although most of them 
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vary within 5 trom the average. This is good uniformity for a quotient’ 
relating physical and chemical data. 


II] 

Relationship between Concentration of Cholinesterase and Voltage of Action Potential 
(ChE/V) 

In this series five samples were taken from each area. The abbreviations are ag 


in Table I. 


| 5 a a 
72.0 | 0.5-5.5 | 15 245 15.5-20.5 13 158 
| | 195 203 
228 192 
| 268 211 
iz | 201 Ist 14.6 
78.5 | 0.5-5.5 | 17 266 20.5-25.5 9.6 160 
| | | 302 214 
200) 197 
285 160 
| 286 | 286 16.8 170 ‘18.8 | 
88.5 1.06.0 | 14 197 21.0-26.0 | 6.3 138 
| 189 115 
| 196 125 
| | 163 132 
| | 206 «189 13.5 (129 | 20.5 
118.5; 1.06.0 | 9.8 171 31.0-36.0 4.0 
| | 152 64 
| | bs 
| | 150 S6 
157 164 «16.8 Hu IS.5 
TaBLe IV 
Relationship between Concentration of Cholinesterase and Voltage of Action Potential 


(ChE, in Bundles of Sachs 


The abbreviations are as in Table I. 


L | D AChE 
76 42 .0 0.62 21.9 35.3 
105 45 .0-50..0 0.9] 21 
105 60 .0-70.0 0.40) 25.8 


114.5 66 .5-71.5 0.55 10.5 


The correlation between the two variables may best be seen from Fig. 1, 
where voltage is plotted against QChE. From all 55 determinations calcu- 
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lated according ‘to the method of least squares y = 13.2 + 18.92, where y 
= QChE and « = voltage. The relation indicated by these values is signifi- 
cant statistically. Since, however, 13.2 is not significantly different from 
0, it may be neglected in this instance and assumed that the real line goes 
through the 0 point (Fig. 1). In that case, y = 19.92, the line again being 


ealculated by the method of least squares. It may be noted that 19.9 is 


close to the average ratio of 20.7. 

If the data are arranged in the order of decreasing voltage and split into 
four equal sets of pieces having voltages per em. of 22 to 15, 15 to 12, 11 to 
8, 7.8 to 4.0, the corresponding average values of ChE Vo would be 19.4, 


-VOLTS/CM 


200 490 
QCHE-4 


Fic. 1. Correlation between voltage and cholinesterase activity. The voltage per 
em. is plotted against the enzyme concentration. The dotted line is calculated from 
the data obtained with the method of least squares; the fully drawn line caleulated 
on the assumption that the line goes through the 0 point. 


20.1, 21.4, and 20.3. Thus the deviations of ChE, V seem to be only small 
and possibly completely random. 


DISCUSSION 

The relationship between voltage and cholinesterase activity in eleetric 
tissue, suggested by previous observations, has been studied this time on 
the basis of a great number of measurements covering a wide range of varia- 
tions. Thus, a statistical evaluation becomes possible. The average quo- 
tient of ChE/)’ may be assumed to be a verv reliable value, since its 
standard deviation was only 0.7 or 3.3 per cent. 

Of particular importance is the fact that the line correlating the two 
variables apparently goes through 0. This indicates a direct. proportion- 
ality. The results appear significant and consistent with the concept that 
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the physical and chemical processes recorded are directly associated and 
consequently interdependent. | 

There is one exception. In a previous paper (5) three observations made 
on the caudal end of the large electric organs were reported in which the 
voltages per em. were of the order of 1; the enzyme concentration decreased 
eaudally, but the ratio ChE Vat this particular point was several times 
higher than elsewhere. At the caudal end of the main electric organ the 
situation is, however, rather complex and other quantities characteristic 
of the tissue behave differently (Cox, Coates, and Brown (6)). The 
organ has tapered down to a thin layer and forms onlv a small fraction of 
the cross-sectional area. It would hardly be surprising if a deviation of 
the otherwise constant ratio ChE VV were found there. The data in the 
previous paper are too few and other kinds of measurements would be neces- 
sary for any attempt of interpretation. The observations of the present 
paper clearly establish the uniformity of the ratio in nearly the whole large 
electric organ as well as in the bundles of Sachs. It is obvious that the rela- 
tion between enzyme activity and the electric manifestations cannot be 
expected to remain strictly proportional if other factors change the condi- 
tions, as for instance the ratio of active to inactive tissue. 

The meaning of the relationship between the enzyme activity and 
the voltage of the action potential observed has been repeatedly discussed 
(1, 5) and need not be considered here. It may suffice to say that such a 
parallelism between the voltage and the enzyme concentration may be pic- 
tured in either of two ways. The compound metabolized by the enzyme 
may generate electromotive force directly, or alternatively it may lower the 
resistance. No conclusive evidence is available from experiments on nerve 
that electromotive force is generated. Since recent investigations (6) have 
shown that during the passage of the impulse the resistance drops consider- 
ably, the best interpretation of the relationship observed seems to be at 
present that the ester acts in such a way as to decrease the resistance. 

It should be noted that the esterase activity measured is exclusively that 
of the specific cholinesterase (7). As recently shown, the enzyme even 
when purified to a high degree still shows the same pattern as that of the 
homogenized suspension of electric tissue. Consequently, the enzyme ac- 
tivity may be used as an indication of the potential rate of the metabolism 
of acetylcholine and the correlation found may be referred to a parallelism 
between acetylcholine metabolism and voltage (1). 

The relation between acetylcholine and the nerve action potential which 
results from the experiments on the electric organ has recently found further 
support in two other lines of investigations. One is based on the energy 
transformations occurring during the action potential. It has been found 
that energy-rich phosphate bonds are adequate in accounting for the total 
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electric energy released by the action potential (8). Consequently, if the 
release of acetylcholine is the primary “excitatory disturbance” (Keith 
Lucas) responsible for the nerve action potential, energy-rich phosphate 
bonds should be used for the synthesis of the ester. This is actually the 
case: an enzyme, choline acetylase, is present in brain and peripheral nerve 
which in the presence of adenosine triphosphate forms acetylcholine in 
anaerobic condition at a high rate (9-13). ‘This fact is consistent with the 
conclusion that the energy of the primary recovery process after the passage 
of the impulse is used for the resynthesis of the ester removed during 
activity. 

Another relationship between nerve action potential and acetylcholine 
has been established by experiments on the giant axon and the fin nerve of 
squid (Bullock, Nachmansohn, and Rothenberg (14)). Acetylcholine is a 
quaternary ammonium salt and cannot permeate the lipid membrane sur- 
rounding the axon. When it is applied externally, its effect is limited to 
nerve endings which do not have a myelin sheath. But, if the cholines- 
terase is inactivated by drugs which may permeate the lipid membranes 
and are strong inhibitors of the enzyme, like eserine or strychnine, acety|- 
choline released internally cannot be removed; a state of depolarization 
persists and the nerve action potential is abolished. This process is easily 
reversible, as should be expected from the reversibility of the enzyme inhi- 
bition. 

Each of these observations considered separately constitutes a strong 
support for the assumption of a close connection of acetylcholine with con- 
duction of the nerve impulse. But combined, the value of each of them is 
potentiated and the concept that acetvicholine plays an essential rdle in 
the nerve action potential appears highly probable. 


SUMMARY 

The activity of cholinesterase and the voltage of the action potential have 
| been measured simultaneously in the electric organ of a number of speci- 
) mens.of Klectrophorus electricus and at different regions of the organ of each 
specimen. Since the voltage per cm. varies at different points of the same 
; -specimen and depends also on the size, a considerable range of variations . 
Fe from 0.5 to 22.0 volts per em. has been covered. The results confirm and 
. extend previous findings indicating a close parallelism between the activity 


of the enzyme and the voltage of the action potential. 


? In 55 experiments the average of the quotient cholinesterase over voltage 
was found to be 20.7 with a standard deviation of +0.7. The standard 

; deviation of a single measurement of the quotient is +5.1. 


If the voltage is plotted against the cholinesterase activity, the line which 
u correlates the two variables passes apparently through the 0 point. This 
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supports the assumption of a direct proportionality between physical and 


chemical events measured. Combined with other observations referred to 
in the discussion, the direct connection of acetylcholine with the nerve ac- 
tion potential and nerve conductivity becomes highly probable. 
We are greatly indebted to Dr. R. T. Cox and Dr. M. Vertner Brown for 
their help in the electric recordings, and to Dr. John W. Fertig for his help 
in the statistical analysis of the data. 
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(Received for publication, October 22, 1945) 


The formation of angiotonin from the serum protein fraction a_-globulin 
and renin (1, 2) as well as its inactivation by proteolytic enzymes suggests 
that this pressor substance contains peptide linkages. Preliminary studies 
and interpretations (3) of the action of crystalline proteolytic enzymes led 
to the conclusion that angiotonin contains groupings of which the simplest 
representation is afforded by 


Aromatic Basic Acid Aromatic 
NH—CH—CO—NH—CH—CO—NH—CH—COOH 


The object of this investigation was to prepare a tetrapeptide similar 
in structure which would not only be of interest for the study of the kinetics 
of enzyme action but might serve as a model for degradation experiments 
onnaturally occurring polypeptides. A comparison of the rates of hydroly- 
sis of such a synthetic tetrapeptide with angiotonin might give some valu- 
able information concerning the structure of this pressor substance. 

Since the rate of hydrolysis of a polypeptide by a well defined proteolytic 
enzyme appears to be a function of the structure of the substrate as well 
as of the general nature of the enzyme, a comparison of the rate of hydrolysis 
might be used for identification purposes. A compound containing amino 
acids in the arrangement outlined above should be susceptible to hydrolysis 
by carboxypeptidase, trypsin, chymotrypsin, pepsin, and, if there exists 
any structural similarity to angiotonin, the rates of hydrolysis by these 
enzymes should be comparable. 

The amino acids tyrosine, lysine, and glutamic acid were selected for 
the synthesis, because a number of necessary intermediates and methods 
for their syntheses are known. The synthesis herein reported consists of a 
condensation of two dipeptides whose functional groups were protected, 
followed by removal of the protecting groups by standard methods. 

The first dipeptide was prepared by a condensation of O-acetyl-N-car- 
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bobenzoxy-l-tyrosyl chloride (1) with e-curbobenzox¥-l-lysine methyl ester 
(II). Minor variations in the procedure resulted in two distinctly different 
condensation products, one melting at 156° and the other at 138°. Both 
substances yielded the same hydrazide on reaction with hydrazine hydrate. 
Since there is no possibility of a racemization, a structural difference other 
than asymmetry must be assumed to explain this phenomenon. 

The condensation of O-acetyl-N-carbobenzoxytyrosyl chloride and the 
e-carbobenzoxylysine methyl ester is carried out in such a way that the 
acid chloride is added to an excess of the basic ester, so that during the whole 
experiment the medium is slightly alkaline. It therefore offers the pos- 
sibility for hydrolysis of very susceptible ester linkages such as the acetyl 
group on the phenolic hydroxy] of the tyrosine, leaving the carboxylic 


TABLE 


Comparison of Acetyl Determinations on Carbobenzoxry Compounds with and without 
Acetyl Groups 


Per cent acety! (COCH)) 


Compound Formula 
Calculated | Found 
N -Carbobenzoxy-/-tyrosine ethyl ester... CigHnOsN; None 2.46 
N-Carbobenzoxy-l-tyrosine................. Ci7H,7O,N | 2.06 
Co | 11.08 12.20 
O-Acetyl-N-carbobenzoxy-l-tyrosyl-N - | 
carbobenzoxy-l-lysine methyl ester, m.p. | 
N -Carbobenzoxy-l-tyrosyl-N -carbobenzoxy- | 
l-lysine methyl ester, m.p. None 2.54 


ester of the lysine portion intact. The conversion of the ester (III) to 
the hydrazide is carried out in an even stronger alkaline medium, thus con- 
verting both the acetylated as well as the deacetylated compound into the 
same hydrazide. 

The compound with a melting point of 156° gave an analytical value of 
8.06 per cent of acetyl; the compound with a melting point of 138° gave 
2.84 per cent. The theoretical values for the acetylated and deacetylated 
esters are 6.80 and 0.00 respectively. The suspicion that the discrepancies 
might be due to the presence of the carbobenzoxy group was confirmed by 
acetyl analyses on model substances (Table I). 

An attempt was made to prepare the other moiety of the desired tetrapep- 
tide by esterifying carbobenzoxy-I-glutamv]-l-tvrosine monoethyl ester, 
followed by removal of the carbobenzoxy group. The esterification pro- 
ceeded satisfactorily and the expected carbobenzoxy diethyl] ester was 
isolated in good vield. On treatment with palladium and hydrogen in 
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alcoholic solution, an ill defined, though crystalline substance was obtained. 
Analytical data suggested it to be a mixture of /-glutamyl-/-tvrosine mono- 
and diethyl esters. This procedure was therefore discarded in favor of 
the method of Fruton and Bergmann (4) who prepared the diethyl ester 
us an intermediate in the synthesis of glyveyv!-/-glutamyl-/-tyrosine. The 
ester Was not isolated in crystalline form. 

The hydrazide of the tyrosyllysine moiety, when allowed to react with 
nitrous acid in acetic acid solution, gave a crystalline azide which was 
immediately treated with /-glutamyl-/-tyrosine diethyl ester (VII) in ethyl 
acetate solution. Although the crude condensation product was obtained 
in good yield, an analytically pure material was difficult to prepare. The 
purity of this tetrapeptide derivative appeared to be particularly im- 
portant, because the anticipated removal of the protecting groups would 
vield a water-soluble compound whose molecular weight could not be de- 
termined by the conventional micromethods. Upon repeated recrystalli- 
zation from various solvent mixtures and finally from pure ethyl alcohol the 
compound was obtained in pure form; its solubility in organic solvents and 
camphor rendered it suitable for the determination of its molecular weight 
by the Rast method (5). These values were in good agreement with theory. 
This, together with the correct analytical figures for carbon, hydrogen, and 
nitrogen as well as ethoxy! and the absence of amino nitrogen may be taken 
as evidence that condensation to the tetrapeptide had taken place. 

Saponification of VIII under mild conditions followed by removal of the 
two carbobenZoxy groups by catalytic hydrogenation with palladium black 
proceeded without difficulty and gave the desired /-tvrosyl-l-lysyl-l- 
glutamvi-/-tvrosine as the tetrahvdrate. The final compound was op- 
tically active. It did not affect the arterial blood pressure of a pithed 
cat when injected in doses of 20 mg. per kilo. 

Since this compound contains two aromatic, one basic and one diear- 
boxvlic amino acid, it should be sensitive to hvdrolvsis by a number of 
proteolytic enzymes. The structural detail of a substrate necessary to 
render it susceptible to hvdrolvsis by proteolytic enzvmes has been carefully 
investigated by Bergmann and his associates. The indispensable groups 
of substrates for carboxvpeptidases according to Bergmann (6) are 

R 


Ce COCH 
(X) 
where R is a hydroxybenzyl or benzyl radical. The tetrapeptide which 
we have synthesized contains such an arrangement (Structure A, Fig. 1) and 
hence should be attacked by carboxypeptidase and the hydrolvsis should 
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Fic. 1. Structural formula for l-tyrosyl-i-lysyl-l-glutamy]-l-tyrosine illustrating 
the necessary arrangements for hydrolysis by proteolytic enzymes: A, carboxypep- 
tidase; B, pepsin; C, trypsin; D, chymotrypsin. 
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Fic. 2. The course of hydrolysis of U-tyrosyl-l-lysyl-l-glutamyl-l-tyrosine by 
carboxypeptidase. The enzyme concentration was 0.0067 mg. of N per ec. of test 
solution; the pH was maintained at 7.8 by means of 0.1 M phosphate buffer. Incuba- 
tion temperature 36°. 


proceed with the liberation of 1 molecule of tyrosine. The resulting tetra- 
peptide, with a glutamic acid residue in terminal position, no longer con- 
tains the requisite groups in the backbone and may be expected to resist 
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further hydrolysis by thisenzyme. Although Hofmann and Bergmann (7) 
found that a compound containing glutamic acid in terminal position can be 
hydrolyzed by carboxypeptidase, it should be noted that an exceedingly 
high concentration of the enzyme was necessary in order to hydrolyze 
carbobenzoxyglycyl-l-glutamic acid (7). These authors emploved almost 
100 times as much enzyme for the hydrolysis of carbobenzoxyglycyl-l- 
glutamic acid as we have used in our experiments. Inspection of Fig, 2 
will reveal that exactly 1 mole of amino acid nitrogen has been liberated 
after 3 hours incubation of the tetrapeptide with carboxypeptidase with 
no further increase during the ensuing 9 hours. The concentration of 
carboxypeptidase was thereupon increased 50-fold, when a significant rise 
in amino nitrogen was observed, indicating that hydrolysis of the tripeptide 
had taken place, probably with formation of tvrosine, lysine, and glutamic 
acid. Thehydrolysis of tyrosyllysylglutamyltyrosine by crystalline carboxy- 
peptidase thus proceeded as expected and fully confirmed the specificity 
requirements for this enzyme, as advanced by Bergmann (6). 

The specificity requirements for pepsin (6) call for the tollowing arrange- 
ment of amino acids in the substrate molecule 


R, Ro 


—_NH—CH—CO—NH—CH. 
(XD 

where R, must be a benzyl- or hydroxybenzy1 radical and R, an inert or 
preferably dicarboxylic amino acid residue such as glutamic acid. Since our 
tetrapeptide contains such atomic groups in its backbone and side chain 
(Structure B, Fig. 1), it should be sensitive to peptic digestion, and this is 
borne out by the experimental data reproduced in Fig. 3. The increase 
in amino nitrogen on incubation with pepsin corresponds to one peptide 
bond with no further increase on prolonged digestion. It must be con- 
cluded that pepsin attacks the substrate on the same sensitive peptide 
bond as does carboxypeptidase; hence both liberate 1 mole of tyrosine. 

Contrary to our expectations, the residual tripeptide, tyrosyllysyl- 
glutamic acid, was entirely resistant to tryptic action, even in exceedingly 
high concentrations of the enzyme. The tripeptide contains the requisite 
groups (Structure C, Fig. 1) for typical trypsin substrates (6); 7.e., the amino 
acid residue R in XII should be a lysv] 


R 


(XID 


or arginy] radical with its amino and carboxy] groups involved in a peptide 
linkage. Since the concentration of both enzymes, pepsin and trypsin, was 
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Fic. 3. The course of hydrolysis of /-tyrosyl-l-lysyl-/-glutamyl-/-tyrosine by pep- 


sin, followed by trypsin. The enzyme concentration was 0.495 mg. of pepsin N and 
0.094 mg. of trypsin N per ce. During peptic digestion the pH was 
maintained at 3.0 by means of citrate buffer and adjusted to pH 7.S after the addition 
of trypsin. The enzyme blank was determined on a solution of pepsin and trypsin 
in the same concentration as the test solution and maintained at pH 7.8. Ineuba- 
tion temperature 36°. 
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Fic. 4. The course of hydrolysis of U-tyrosyl-/-lysyl-d-glutamyl-d-tyrosine by 
trypsin and chymotrypsin. The enzyme concentration was 0.094 mg. of trypsin and 
0.233 mg. of chymotrypsin N per ce. of test solution; pH 7.8 and ineubation tem- 
perature 36°. 
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quite high, the inertness of the tripeptide to tryptic hydrolvsis (7.e¢., after 
peptic digestion of the tetrapeptide) might conceivably be attributed to an 
inhibiting effect of digestion products resulting from the action of trypsin 
on pepsin. That a number of polypeptides are formed in appreciable 
amount is indicated by the constantly increasing enzyme blank (Fig. 3) 
after the addition of trypsin to the tripeptide-tvrosine-pepsin mixture. 
In order to avoid such complications the action of crystalline trypsin on the 
tetrapeptide, 7.e. without previous pepsin digestion, was investigated 
(Fig. 4). Although the rate of hydrolvsis was quite slow compared to 
carboxypeptidase or pepsin, this substrate was hydrolyzed at a speed 
comparable to other typical trypsin substrates such as benzoy]-l-lysinamide 
(6) and has the advantage that the course of the hydrolysis can be followed 
by amino nitrogen determinations rather than titration of the liberated 
carboxyl groups. 

Fruton and Bergmann (8) investigated the action of chymotrypsin on a 
number of synthetic substrates and found it to exhibit the phenomenon of 
multiple specificity. Chymotrypsin can act as a carbonyl proteinase 
‘endopeptidase) or aminopeptidase (exopeptidase) requiring an aromatic 
amino acid whose carboxyl or amino group or both must be involved in a 
peptide linkage. The necessary structural detail is given by either XIII 
or XIV 


It R 


NH—CH—CO—NH 
(XIV) 


where R must be a benzyl or hydroxvbenzyl radical. Since tyrosyl-l- 
lvsvl-l-glutamyl-l-tyrosine contains one such grouping (Structure D, 
Fig. 1), chymotrypsin must exert at least its aminopeptidase effect; 1.¢., 
liberate 1 mole of tvrosine from 1 mole of the tetrapeptide. The increase 
in amino nitrogen with time obtained by chymotryptic digestion of the 
tetrapeptide is reproduced in Fig. 4. As anticipated, 1 mole of amino 
nitrogen was liberated during digestion. This amount of amino nitrogen 
must be attributed to tvrosine if the enzyme action is due to exopeptidase 
activity. If, on the other hand, the enzyme should exhibit endopeptidase 
activity, two dipeptides would be formed. An a-aminocarboxyl deter- 
mination according to the ninhydrin method of Van Slyke, Dillon, Mac- 
Fadyen, and Hamilton (9) after 96 hours digestion gave a value which 
corresponds to 97 per cent of the amino nitrogen liberated during the te- 
action. This may therefore serve as evidence that chymotrypsin had 
hydrolyzed the first peptide bond (between the tyrosine and lysine amino 
acid residues) and hence had acted as an exopeptidase. 
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The hydrolysis of the tetrapeptide by the four crystalline enzymes con- 
forms with the concept that all proteolytic enzvmes hydrolyze the peptide 
linkage but that it must be in a specific and proper environment of amino 
acid residues. ‘The inactivation of angiotonin by proteolytic enzymes sug- 
gested in a qualitative way that it contains at least three peptide linkages 
in an environment of amino acid residues similar to /-tyrosyl-d-lysv1-/- 
glutamyl-l-tyrosine. It was hoped that a quantitative study of the action 
of crystalline enzymes on this tetrapeptide might vield some additional 
information regarding the “environment” of the peptide linkages in 
angiotonin. 


TABLE II 


Comparison of Action of Crystalline Proteolytic Enzymes on Angiotonin and 
l-Tyrosyl-l-lysyl-l-glutamyl-l-tyrosine 


Chymotrypsin Trypsin Pepsin 
Angiotonin 
Protein N per cc. test solution, 

: 0). 0060 0. 0097 0. 001s 0.053 


Protein N per cc. test solution, | 


0.0067 «0.233 0.094 0.495 

°K w= —— ] —;¢ = incubation time in minutes. 


mg. protein N per cc. test solution. 


Reaction constants and proteolytic coefficients were calculated from the 
various data of Figs. 2 to 4 and compared to the corresponding values pre- 
viously reported (3) (Table I1). A strict comparison between the two 
sets of data is not possible, since the proteolytic coefficients for both sub- 
strates and the four enzymes should be known over the whole pH range. 
Nevertheless, a few tentative conclusions can be drawn. Although the 
proteolytic coefficients for pepsin and carboxypeptidase are more than 10 
times greater for angiotonin than for the tetrapeptide, this does not neces- 
sarily indicate a difference in structure of the substrate. The values for 
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the action of trypsin and chymotrypsin on these two substrates are suffi- 
ciently wide to suggest a fundamental difference. The extreme sensitivity 
of angiotonin to the latter two enzymes must be due to a structural arrange- 
ment which had not as vet been realized in anv synthetic substrate. Par- 
ticularly the peptide linkage in angiotonin which is sensitive to tryptie 
action must be distinctly different from Structure C, Fig. 1. Since the sub- 
stitution of arginine for lvsine would only slightly more than double the 
value of the proteolytic coefficient (6), this sensitivity of angiotonin to 
trypsin possibly might be attributed to a new basic amino acid. Another 
possibility is that specificity grequirements for trvpsin have been too nar- 
rowly defined and must be broadened. i 

The data on chymotrypsin do not lend themselves to such a comparison, 
since the proteolytic coefficient recorded in Table I for this enzyme refers 
only to its exopeptidase activity. It is conceivable, though unlikely (3), 
that chymotrypsin acts on angiotonin as an endopeptidase and an inter- 
pretation of the data on this enzyme should therefore be postponed until a 
suitable substrate becomes available. 


EXPERIMENTAL 


O-Acetyl-N -carbobenzoxy-l-tyrosyl Chloride (I)—-This compound was pre- 
pared from O-acetyl-N-carbobenzoxy-l-tyrosine and phosphorus penta- 
chloride according the method of Bergmann, Zervas, Salzmann, and 
Schleich (10). 

e-Carbobenzoxy-l-lysine Methyl Ester (IT)—To a solution of 4.5 gm. 
of e-carbobenzoxy-/-lysine methv] ester hydrochloride (11) in 10 ee. of water 
were added 50 ec. of ether and the mixture cooled in an ice-salt bath. An- 
hydrous potassium carbonate was slowly added with shaking until the 
aqueous portion became a paste (12). The free ester was obtained by ex- 
traction of the paste with ether, and the ethereal solution diluted with an 
equal volume of ethyl acetate and dried over anhydrous potassium car- 
bonate at O°. 

O-Acetyl-N Methyl — Ester 
(II 1)—3.5 gm. of chloride in dry ether 
suspension were added in two portions with shaking to the above ether- 
ethyl acetate solution of the free carbobenzoxy-l-lvsine methyl ester. After 
addition of the first portion, e-carbobenzoxy-l-lysine methyl ester hydro- 
chloride crystallized from the solution. The mixture was allowed to stand 
5 minutes and the second portion of acid chloride added together with 
an aqueous solution of 1.7 gm. of potassium carbonate. ‘The mixture was 
shaken for 15 minutes, transferred to a separatory funnel, and a few ce. of 
pyridine added to decompose the excess acid chloride. 200 cc. of water and 
200 ec. of ether were added and the mixture shaken vigorously. O-Acetyl- 
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N-carbobenzoxy-l-tyrosyl-e-carbobenzoxy-l-lysine methyl ester separated as 
a focculent precipitate between the two layers. It was collected by centrif- 
ugation and washed with dilute hydrochloric acid, bicarbonate solution, 
and water. Yield, about 4.0 gm. On recrystallization from methyl 
alcohol, the substance melted at 138° (uncorrected). 


C34Hg9O9N3. Calculated. C 64.45, H 6.16, N 6.63, —COCH, 6.80 
633 Found. “ 8.06 


In several runs, a product was obtained which after recrystallization from 
methyl alcohol melted at 156°. In view of certain considerations dis- 
cussed in the theoretical part of this paper, this compound appears to be the 
deacetvlated ester. 


Calculated. 65.02, H 6.12, N 7.12, ICH, 


Hydrazide gm. 
of the acetyl dicarbobenzoxytyrosyl-l-lysv! methyl ester dissolved in warm 
methy] alcohol were treated with 0.6 ec. of hydrazine hydrate. On stand- 
ing at room temperature overnight, 1.5 gm. of the ervstalline hydrazide 
separated. For analysis, the substance was purified by solution in hot 
methyl alcohol and concentrated in vacuo until ervstallization occurred; 
m.p. 210°. 


Calculated. G 62.94, H 6.10, N 
62.50, 6.16, ** 11.20 


The hydrazide prepared from the higher melting ester (m.p. 156°), pre- 
sumably the deacetylated compound, also melted at 210°. No depression 
in melting point was noted with a mixture of the two hydrazides. 

-lysyl-l-glutamyl-l-tyrosine Di- 
ethyl Ester (VIII)—1.5 gm. of N-carbobenzoxy-l-tyrosyl-e-carbobenzoxy- 
l-lysyl hydrazide were ground in a mortar with 20 cc. portions of warm 75 
per cent acetic acid. 225 cc. of this acid were required to produce a clear 
solution. After filtering, 113 cc. of water were carefully added to bring 
the acetic acid concentration to 50 per cent, and vet maintain complete 
solution. Jt was cooled to 4° and treated with an aqueous solution of 210 
mg. of sodium nitrite. The azide crystallized out on standing in the ice 
bath for. 10 minutes. The reaction mixture was diluted with 300 cc. of 
ice-cold water and extracted with cold ethyl acetate. The ethyl acetate 
solution was washed with ice water, cold bicarbonate solution, and again 
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with water. After drying over anhydrous magnesium sulfate at 0°, the 
solution was filtered directly into an ethyl acetate solution of /-glutamy]-l- 
tvrosine diethyv! ester prepared from 1.6 gm. of the monoester. On stand- 
ing evernight a small amount of a gelatinous precipitate formed. This 
was removed by filtration and the clear ethy! acetate solution thoroughly 
washed with water, dilute hydrochloric acid, aqueous bicarbonate, and 
again with water. On concentration of the dried ethyl] acetate solution, 
crvstallization occurred. Yield about 1.0 gm. The substance was re- 
ervstallized from alcohol-ethyl acetate mixtures and 95 per cent ethyl 
alcohol; m.p. 204°. 


Calculated. 63.57, H 6.35, N ia, OC.H; 9.72, NH2-N 0.00 
Mol. wt., caleulated, 925 
7.910 mg.; 28.75 mg. camphor; depression 10.4°, 10.6°; mol. wt. 979, 960 


l-Tyrosyl-l-lysyl-l-glutamyl-l-tyrosine (IX)—230 mg. of the dicarbo- 
benzoxy tetrapeptide ester were dissolved in 15 cc. of 1 N NaOH by shaking 
at room temperature for 1 hour. A small amount of insoluble material 
was removed by filtration and the cooled filtrate acidified to Congo red with 
dilute hydrochloric acid. The product was collected by centrifugation, 
washed with water, dissolved in dilute sodium carbonate solution, and re- 
precipitated with hydrochloric acid. The wet material was washed with 
water, dissolved in 25 cc. of alcohol, and hydrogenated in the presence of 
palladium black and a drop of glacial acetic acid. A few drops of water 
were added occasionally to keep the product in solution. When hydrog- 
enation was complete, the catalyst was filtered off and the solution con- 
centrated in vacuo. A crystalline product was obtained by repeated addition 
and removal! of absolute methyl alcohol. The residue was recrystallized 
from an ethyl alcohol-water mixture and dried at 60° over phosphorus 
pentoxide for 1 hour. On concentration of all mother liquors and recrys- 
tallization from the same solvent mixture, a total vield of 160 mg. was ob- 
tained. 


CosHssON;-4H.0. Calculated. C 51.70, H 6.95, N 10.55, NH2-N 4.16 


The 4 molecules of water of crystallization could not be determined in the 
usual manner because of the instability of the peptide at temperatures high 
enough to remove the water quantitatively. The evidence for the presence 
of 4 molecules of water rests in the ratio of total N to NHo»-N as well as m 
the results of the enzymatic studies described below. 
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Enzymatic Studics 


Enzymes—Carboxypeptidase was prepared according to Anson (13) 
and recrystallized four times. Crystalline pepsin, trypsin, and chymo- 
trypsin were prepared according to the directions of Northrop (14). All 
enzyme preparations had previously been tested for their activity, typical 
synthetic substrates and angiotonin being used (3, 6). 

Incubation—A standard solution of the tetrapeptide was prepared by 
dissolving 139 mg. in 25 cc. of water. For each of the experiments re- 
corded in Figs. 2 to 4, 5.00 ec. of the standard solution were diluted to 10.00 
ec. with the desired buffer containing the requisite amount of enzyme. The 
fina) substrate concentration was therefore 0.1 mM, which corresponds to 
0.0585 mg. of amino nitrogen per cc. of test solution for each amino group. 
Since there are two free amino groups in the original substrate, the blank 
value in each experiment was 0.117 mg. of NH»-N per ce. 

0.1 mM citrate or phosphate buffers were used to maintain the acidity at 
the desired value. 

The course of the hydrolysis was followed by the nitrous acid method of 
Van Slvke and the amino acid carboxyl in the chymotrypsin experiment 
was determined by the ninhydrin method ot Van Slyke, Dillon, Mac- 
Favden, and Hamilton (9). 


The authors are indebted to Miss Doris Brown for her valued assistance. 


SUMMARY 


The tetrapeptide, tyrosylivsylglutamyltvrosine, has been synthesized 
by a method which establishes its structure. It was accomplished by 
condensation of the two dipeptides, tyrosyllvsine and glutamyltyrosine, 
whose functional groups were protected. These protecting groups were 
removed, freeing the desired optically active tetrapeptide in good yield. 
This compound did not affect the arterial blood pressure of a pithed cat 
m doses of 20 mg. per kilo of body weight. 

The tetrapeptide was subjected to enzymatic hydrolysis by crystalline 
carboxypeptidase, chymotrypsin, trypsin, and pepsin. It was hydrolyzed 
by these four enzymes at the expected rate, thus supporting the specificity 
requirements for proteolytic enzymes as suggested by Bergmann and his 
associates. 

The rate of hydrolysis under the influence of carboxypeptidase and pepsin 
was similar to the rate of inactivation of angiotonin by the same enzymes. 
Chymotrypsin and trypsin hydrolyzed the tetrapeptide very much more 
slowly than angiotonin. It was suggested that the sensitivity of angiotonin 
to tryptic hydrolysis is due to an as yet unknown amino acid arrangement. 
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ON THE MECHANISM OF INVASION 
I. ANTINVASIN I, AN ENZYME IN PLASMA 


By ERWIN HAAS* 


(From the Worcester Foundation for Experimental Biology and the Worcester State 
Hospital, Worcester) 


(Received for publication, December 6, 1945) 


The presence of a mucopolvsaccharide, hyaluronic acid, in skin (1) 
and of a specific enzyme, hyaluronidase, in pathogenic bacteria (2-5), 
venoms (6), and spermatozoa (7-9) suggests that this enzyme plays an 
important rdle in processes of invasion by depolymerization of the mucoid 
ground substance of connective tissue. Additional evidence for the rdle 
of the enzyme in increasing the permeability of the host tissue has been 
contributed by the observation that hyaluronidase and ‘‘spreading factor’’ 
are identical (3, 10-12). According to Duran-Reynals (13), the degree of 
invasiveness of bacteria is largely determined by the amount of spreading 
factor present, and the successive phases of infection induced by invasive 
bacteria include (1) the hydrolysis of the mucoid ground substance of the 
connective tissue (a preexisting physiological obstacle); (2) spreading 
primarily through the interstitial system of the connective tissue. 

Agreement seems to exist concerning the réle of hyaluronidase as an 
invasion-promoting tool, but the defense mechanism of the body against 
the action of hyaluronidase has remained obscure. 

In this and in Papers II and III three new enzymes will be reported. 
Two of these are part of the defense mechanism of the body, while the third 
promotes the invasion of bacteria and venoms. There are indications of 
two additional enzymes acting in this scheme, one observed in the plasma, 
the other in the invading organism. 

A synonymous term for hyaluronidase, on account of its property of 
promoting spreading and invasion, could well be invasin. For this reason 
the terms ‘‘antinvasin”’ and ‘‘proinvasin”’ have been coined for the enzymes 
to be described. 

The first enzyme to be described in this paper has been found in normal 
blood plasma of mammals, birds, and fish. This enzyme rapidly destroys 
hyaluronidase and, due to this property, acts as an antinvasive catalyst. 
It will be referred to as antinvasin I. 

The second enzyme, proinvasin I, found in bacteria and venoms, will be 
described in Paper II. It rapidly inactivates antinvasin I, thus paralyzing 


“the body defense mechanism, and indirectly promotes invasion. 


* Present address, Institute of Pathology, Western Reserve University, Cleve- 


land, Ohio. 
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The third enzyme, antinvasin IT, has been observed in normal plasma. 
It acts by destroying proinvasin I, thereby indirectly counteracting in- 
vasion. ‘Tests for the quantitative determination of these three enzymes 
have been devised. The existence of a fourth enzyme, proinvasin IT, which 
inactivates antinvasin II, and a fifth enzyme, antinvasin III, which destroys 
proinvasin IT, can be predicted from observations made on Staphylococcus 
aureus. A quantitative test for these enzymes has, as vet, not been estab- 
lished. From the observations zn vitro it would seem that certain problems 
of invasion and immunity may be understood and explained by the action 
of distinct catalysts occurring in plasma, spermatozoa, bacteria, and 


venoms. 
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Fic. 1. Scheme of invasion 


Fig. 1 shows in a schematic arrangement these various enzymes in the 
sequence in which, according to our evidence, they react with each other 
and with the polysaccharide. 

Antinvasin I—There exists in the literature a number of somewhat con- 
tradictory observations reporting the presence in serum of an inhibitor of 
hyaluronidase. Thus, for example, by use of the decapsulation of virulent 
bacteria as a test for hyaluronidase activity (14), it was found that. heter- 
ologous as well as homologous antisera inhibited the action of the enzyme. 
The presence of a substance in horse serum inhibiting the action of the 
“diffusion factor’? has been mentioned briefly (11). However, with the 
depolymerization of hyaluronic acid (10), the hydrolysis of hyaluronic acid 
(15), the formation of a mucin clot (16), or the velocity of spreading in the 
skin (13) as the methods of assay, it was concluded that (1) the effect of each 
antiserum is limited to the preparation used for immunization, (2) inhibition | 
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of hyaluronidase activity by antiserum is strictly specific, and (3) heter- 
ologous and normal sera exert no effect. 

In contrast to the above observations, it will be demonstrated here that 
normal plasma contains a non-specific, highly active enzyme, which will be 
referred to as antinvasin I. This enzyme destroys the enzymatic activity 
of hyaluronidases derived from various sources. The mechanism of action 
of this enzyme as well as its distribution in various animals has been investi- 
gated. ‘The reaction of antinvasin I with hyaluronidases obtained from 
testes, bacteria, and venoms has been studied; the properties of the enzyme 
and a method of assay are described. 


Preparation of Test Substances 


Polysaccharide—Hyaluronic acid, an acid polysaccharide, was first 
isolated by Mever and Palmer from a variety of human and animal sources 
(17). Their procedure for extraction of the polysaccharide from umbilical 
cord has been applied here, with some modifications, because it was observed 
that yield and quality of the isolated polysaccharide depend considerably 
on the experimental conditions. 

Human umbilical cord, washed free of blood, is stored in the ice box under 
acetone. ‘The polysaccharide under these conditions remains unchanged 
for several months. For the extraction of the polvsaccharide, the cord is 
minced and the acetone is pressed out; 120 gm. of cord, mixed with 70 gm. 
of sand, 250 cc. of water, and 100 ec. of Hayem’s solution, are kept for 7 
days at 2° and ground once daily for 15 minutes. The viscous solution 
which results is separated by centrifugation; the residue is twice reextracted 
by incubation with 200 cc. of water for a day. To the combined solutions 
acetate buffer of pH 4.7 is added to make a final concentration of 0.04 M, 
and the polysaccharide is separated by pouring the chilled solution into the 
4-fold volume of cold acetone. After the precipitate is washed with 
acetone and dried in vacuo over CaCls, the polysaccharide is obtained in 
stable form as a white powder; vield, 3.4 gm. No denaturation or depoly- 
merization takes place in the process of separation; viscosity and enzymatic 
activity are fully recovered by solution of the dry powder in 0.02 m acetate 
buffer of pH 4.7 and storage at low temperature. 

Hyaluronidase from Testes—Claude and Duran-Reynals (18) have de- 


scribed a method for the preparation of spreading factor from testicular 


extracts. A somewhat modified procedure was used here for the isolation 
and purification of hyaiuronidase. Testes of horse and hogs, trimmed of 
connective tissue, were minced in a meat grinder, extracted with acetone, 
and dried in a stream of air. A very active enzyme was obtained by ex- 
traction of the dry powder with 0.1 N acetic acid, fractionation with 
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ammonium sulfate between 0.3 and 0.7 saturation, and dialysis of the 
neutralized solution. Hvyaluronidase from bovine testes, purified according 
to the procedure of Madinaveitia (19), was obtained through the kindness 
of Dr. Erwin Schwenk of the Schering Corporation. 

Hyaluronidase from Pneumococcus Type Il and Type \I—The method 
for the preparation of hyaluronidase from pneumococcus was essentially 
the same as that described by Meyer et al. (4) in the isolation of the enzyme 
from Clostridium welchii. Bacto-brain-heart infusion broth (Difco Labora- 
tories) was inoculated with cultures of pneumococcus type II and type VI 
(from the Antitoxin and Vaccine Laboratory, Boston) and incubated for 
17 hours at 37.5°. The cells were collected by centrifugation and sus- 
pended in a small amount of water with an excess of toluene. The enzyme 
was brought into solution by autolvsis at 37.5° for 2 davs and cell fragments 
were removed by centrifugation. Hyaluronidase was finally obtained in 
purified form by fractionation at pH 4.7 with ammonium sulfate between 
0.3 and 0.8 saturation and subsequent dialysis. 

The course of events in the reaction of bacterial enzymes with plasma 
enzymes is determined essentially by the concentration of these biocatalysts. 
To simulate physiological conditions as much as possible it seemed 
especially important not to alter the relative proportion between the 
various bacterial enzymes in the process of isolation. Accordingly, the 
enzymes emploved in this study were obtained by concentration of the 
culture medium into which the enzymes had been released spontaneously 
by the growing cells. No fractionation was used other than dialysis, which 
removed salts and metabolites. 

Hyaluronidase and Proinvasin I from Pneumococcus Type I—The 
enzymes were obtained from the supernatant solution of a 48 hour culture 
of pneumococcus after separation of the cells, concentration, and dialysis. 
Hyaluronidase prepared from the medium is about 70 times less pure than 
that isolated by autolysis of the cells and subsequent fractionation. In 
their reaction with antinvasin I, however, both products are alike and the 
method of preparation of enzymes from the culture medium has been 
adopted for other pathogens. 

Hyaluronidase and Proinvasin from Staphylococcus aureus—-For the 
cultivation of Staphylococcus aureus, brain-heart infusion broth was heavily 
inoculated and incubated at 37.5° for 8, 24, and 48 hours respectively. 
Hvaluronidase (3, 4), as well as the proinvasin, appears in the culture me- 
dium during growth of the bacteria and they remain in the solution when the 
organisms are removed by centrifugation. In this respect the enzymes 
behave like exotoxins. The absolute amount of the enzymes released into 
the medium increases considerably with the time of incubation, the con- 
centration of hyaluronidase increasing faster than that of proinvasin. A 
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concentrated solution of the enzyme was prepared from the 24 hour culture. 
The supernatant fluid, after removal of the bacteria, was put into a cello- 
phane bag and concentrated by evaporation in a strong current of air over a 
hot-plate. Precaution was taken to keep the temperature inside the bag 
below 35°. The concentrated enzyme solution finally was dialyzed to re- 
move phosphate and other interfering substances. 

Hyaluronidase and Proinvasin from Clostridium welchii, Type B—A stock 
culture of this organism was furnished by the American Type Culture 
Collection of Georgetown University, Washington, D.C. In the prepara- 
tion of the enzymes from Clostridium welchii the same procedure was 
followed as that described for Staphylococcus aureus, except that the organ- 
isms were cultivated in thioglycollate medium (No. 135 of the Baltimore 
Biological Laboratory). The organisms grew exceptionally well in this 
medium. 

Hyaluronidase and Proinvasin I from Snake Venom—Venom trom two 
different types of poisonous snakes was used in this investigation. Both 
enzymes are present in these venoms in large amounts, although their 
relative concentration varies with the species. The venom obtained from 
the diamondback rattlesnake (Crotalus adamanteus) proved to be a richer 
source of hyaluronidase than that of the moccasin (Agkistrodon piscivorus). 
The concentration of proinvasin [ was found to be 10 times higher in the 
moccasin than in the rattlesnake. The purified and concentrated venoms 
were supplied by Ross Allen, Silver Springs, Florida, and they were kept 
as dry preparations at room temperature for several months. 


Test 


A method of measuring quantitatively the fall in viscosity due to the 
depolymerization of hyaluronic acid was used for the assay of hyaluroni- 
dase, of antinvasin, and of proinvasin. Under defined conditions of visco- 
metric assay similar to those used by Chain and Duthie (3), and Madina- 
veitia and Quibell (20), hyaluronidase will decrease the viseosity of the 
polysaccharide at a rate directly proportional to its concentration. The 
test for hyaluronidase was set up in such a way that it could be used also tor 
the quantitative determination of the other components in the chain of 
enzymes. Conditions have been so arranged that any one of the enzymes 
indicated in Fig. 1 can be made the rate-determining factor. The rate of 
breakdown of the polysaccharide will then be proportional to hyaluronidase 
and to proinvasin or it will be inversely proportional to antinvasins | and 
Il. The test thus represents a model for the situation prevailing in the 
body with its continuous interplay between aggression and defense. It has 
been stated only very recently (21) that “the viscosimetric method is beset 
with difficulties.’’ The present investigation depends mainly on the exact 
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measurement of viscosity and a somewhat detailed description of the experi- 
mental conditions may be in order. : 

Test for Hyaluronidase—The enzyme, dissolved in borate buffer, and the 
polysaccharide, buffered by phosphate, were incubated separately at 25°, 
The rapid depolymerization of the polysaccharide, taking place after com- 


Test for Hyaluronidase 
Ostwald viscosimeter, capillary diameter, 0.48 mm.;* hyaluronidase from bovine 
testicle; polysaccharide, 6 mg. per cc. of 0.02 M acetate buffer, pH 4.7;+ tempera- 
ture, 25°. 


Experiment Experiment Experi- Experi- Experi- | Experi- 
| 1 2 ment 3 | ment4 ment 5 ment 6 


0.2 m borate buffer, pH 6.7, | | | 

Hyaluronidase, mg.......... | 0.008 0.018 0.035, 0.070 


Solutions incubated 10 min., then combined 


0.5 mM phosphate buffer, pH | | | 

Polysaccharide, cc...........| | 1.00 4 | | 

0.02 mMacetate buffer, pH 4.7, | | 


| te = 63.2) t; = 125.6 


Half life time, Ro, sec........ 1630 645 (290 {125 
| | 


1 | | 
| | 0.6 | 1.55; 3.4 | 8.0 
Ro sec. | | | | | | 


* The viscosimeter substituted later had a capillary of 0.56 mm. in diameter. 
The time required for measurement of the viscosity thereby was reduced to one-half. 
Identical values for the relative viscosity were found, independent of these variations 


in the dimension of the capillary. 
+ The polysaccharide concentration was increased later to 8 mg. per cc. to increase 


the accuracy of the test. 


bination of the two components, is measured at frequent intervals by follow- 
ing the decrease in viscosity. Experimental details are given in Table I 
and Fig. 2, while Table II illustrates the method of calculation. 

The decrease of viscosity as a function of hyaluronidase concentration 
and time is shown in Fig. 2. 

The time required to diminish the viscosity of the polysaccharide to 
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Taste II 
Calculation of Relative Viscosity and Reaction Time 


t = time after addition of hyaluronidase; ¢,; = flow time of the solution containing 
buffer, salt, enzyme, and polysaccharide; (2 = flow time of the solution containing 
buffer, salt, and enzyme; ¢; = reaction time = [¢ + 0.5¢;|; 7 = relative viscosity = 
[(t:/te) — 1); Ro = reaction time required for 50 per cent diminution of viscosity 
(half life time). 

Experiment 5, Table I; concentration of hyaluronidase, 0.035 mg. 


; | bs fs | 
Sec. Séc. Sec. Sec. 
0 125.6 63.2 0.99 
47 107.4 63.2 100 0.70 
183 97.4 63.2 232 0.54 
307 92.8 63.2 353 °° 0.46 
433 89.2 63.2 478 0.41 
600 86.2 63.2 643 0.36 


Half life time, Ry = 290 seconds. 


LO T T T T T 


RELATIVE VISCOSITY 


i i = 


i i i 


400 800 i200 600 
REACTION TIME [Seconos] 


Fic. 2. Depolymerization of the polysaccharide as a function of bovine testis 
hvaluronidase. Experiment 3, 0.008 mg. of hyaluronidase; Experiment 4, 0.018 me. ; 
Experiment 5, 0.035 mg.; Experiment 6, 0.070 mg. 


00 per cent of the original level (half life time = AR») was determined by 
interpolation of the graphs in Fig. 2. This time is approximately inversely 
proportional to the enzyme concentration, and by plotting | Ay as the 
function of the hyaluronidase nearly straight lines were obtained (Fig. 3). 
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The enzymatic activity of hyaluronidase trom all these sources apparently 
can be determined with a high degree of accuracy. No inactivation of the 
enzyme takes place and the rate of reaction remains constant for the 
duration of the experiment. | 

Test for Antinvasin I—Antinvasin IJ, the enzyme in blood plasma, reacts 
by destroying hvaluronidase. Activity and concentration of antinvasin 
I can be determined quantitatively by measuring the amount of hyaluroni- 
dase that has been destroved in a given time. The rate of this reaction 
depends upon the concentration of the two enzymes, the reaction time, 
the temperature, the hydrogen ion concentration, and other factors like 


i i i. 
Q20 030 
—e HYALURONIDASE 
Fic. 3. Test for hyaluronidase. Curve 1, hyaluronidase from bovine testes; 
Curve 2, from type VI pneumococcus; Curve 3, from rattlesnake venom; Curve 4, 
from moccasin venom. 


salt and protein concentration. Phosphate will completely inhibit the 
reaction of antinvasin I with hyaluronidase, while it does not interfere in the 
reaction of hyaluronidase with the polysaccharide. Experimental condi- 
tions of the test and mathematical treatment of the results can be simplified 
considerably with this arrangement because a clear cut separation of the 
two enzymatic processes becomes feasible. In the test described in Table 
Il] hyaluronidase is first incubated with antinvasin I of chicken plasma. 
Phosphate is absent during this period while the reaction between antin- 
vasin I and hyaluronidase is in progress. The fraction of hyaluronidase 
remaining intact after its exposure to antinvasin I is then measured in the 
viscosimeter (Fig. 4). During this second part of the experiment sufficient 
phosphate is present to prevent further activity of antinvasin I. 

Plasma contains no hyaluronidase, since no depolymerization takes place 
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after its addition to the polysaccharide. ‘The viscosity of the test solutions 
is shghtly increased by plasma, which necessitates a small correction. 

The method of calculating enzymatic activity from viscometric data was 
described in Table II. It has been extended here and applied for the 
determination of antinvasin I. ‘The decrease in viscosity as a function of 
time is plotted in Fig. 4 for various concentrations of antinvasin I. 
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Fic. 4. Depolymerization of the polysaccharide as a function of antinvasin I of 
chicken plasma. Experiment 3, without plasma; Experiment 6, with 0.10 cc. of 
plasma; Experiment 7, with 0.20 ec. of plasma. 


From the graphs in Fig. 4 the half life time of the polysaccharide, under 
various conditiqns, can be derived. If we designate 


R, = half life time before reaction of hyaluronidase with plasma 


A = activity of antinvasin I 
D = ©, of destruction of hyaluronidase in 10 min. at 25° by antinvasin I 
then 
R — Ro | A 
(2) D = ——— x 100%) 
Ro 


The activity of antinvasin I (A) was calculated frém the data obtained 
in Table III and Fig. 4 and from similar experiments performed with human, 
hog, and chicken plasma. The extent to which the equation (1) conforms 
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with the experimental results has been determined in Fig. 5 by plotting 
gctivity of antinvasin I as a function of the antinvasin I concentration 
of plasma. 

The results illustrated in Fig. 5 indicate that under the conditions de- 
scribed an accurate determination of antinvasin I in various sources appears 
feasible. ‘The test furthermore demonstrates the high activity of antin- 
yvasin I. By means of equations (1) and (2), it can be caiculated that the 
enzyme present in 0.05 cc. of human plasma is capable of destroying as 
much as 83 per cent of hyaluronidase in 10 minutes under the conditions 
of Table ITI. 
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Fic. 5. Test for antinvasin I in blood plasma of (Curve 1) human, (Curve 2) hog, 
and (Curve 3) chicken. (Hyaluronidase of bovine testicle.) 


It is conceivable that antinvasin I also is responsible for the destruction 
and elimination of spreading factor from plasma; Duran-Reynals (22) 
12 vears ago observed rapid disappearance of spreading factor that had 
been introduced into the blood stream by intratesticular infection with 
staphylococci. 

Enzyme Kinetics—The test described in Table III and Fig. 5 can be 
employed to study the mechanism of action of antinvasin I, its properties, 
and its distribution in nature. It seemed of particular interest to investi- 
gate the kinetics of the enzyme reaction in order to arrive at a better under- 
standing of the delicate equilibrium conditions which seem to determine the 
course of interaction of the different components of this system. It will be 
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TaBLe IV 
Activity of Antinvasin I As Function of Time 


Experimental conditions as in Table III. 


Experiment Experiment Experiment Experiment 
1 2 3 4 


} 
0.2 mM borate buffer, pH 6.7, cc......... | 0.25 0.25 || 
| 0.60 0.50 | 
Wig... .....-... 0.05 0.05 | 
Incubated at 25° 
cs | $5 min. 10 min. 20 min. 
0.5 M phosphate buffer, pH 7.0, cc..... 0.50 | 
cc.................. 1.00 
2.0 2.8 3.8 
Activity of antinvasin 4 = — Re | | 
ol 
| 
< 
ae / 
/ 
i 
5 10 iS 20 
TIME 


Fic. 6. Aetivity of antinvasin I as a function of time 


possible to arrive at a clear understanding of these vital processes only if 
the reaction rates as well as the concentrations of the individual catalysts 
are considered in both systems; 7.e., in the invading organism and in the 
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defense mechanism of the host. On the basis of the physicochemical data 
it will be possible also to distinguish between the enzymatic nature of the 
—— | eatalysts considered here and antibody reactions postulated previously. 
— Effect of Time on Reaction, Antinvasin I-H yaluronidase—The time factor 
—— | in this reaction has been investigated by incubation of constant amounts 
of hyaluronidase and antinvasin I (chicken plasma) for various periods of 
+ time. The conditions of these experiments are given in Table IV and the 
results are shown in Fig. 6. 

— Fig. 6 illustrates that the reaction of antinvasin I with hyaluronidase 
depends considerably on the time of reaction; after 20 minutes about 80 
- | per cent of hyaluronidase was destroyed. The speed of antibody reaction 
isin marked contrast to the comparatively slow rate of this enzyme reac- 
tion. Mayer and Heidelberger (23) have obtained evidence that combina- 
tion between pneumococcus polysaccharides and their antibodies is at least 
) 9) per cent complete in less than 3 seconds. 

8 Effect of Concentration on Reaction, Antinvasin I-H yaluronidase—The 
method described in Table III has been employed for the study of the 
rate of destruction of hyaluronidase by antinvasin I in which k represents 
the specific velocity constant of the following reaction: 


A Hvyaluronidase ‘ 
= k (hyaluronidase) X (antinvasin I) 


We designate 


R, = half life time before reaction with antinvasin I 

(; = concentration of hyaluronidase before reaction with antinvasin J 

— 3 hyaluronidase 
Af 


< destruction of hyaluronidase in 10 min. at 25° | 


According to Fig. 3, 


C X R = constant or (3) C R = X 


(4) C = Co X 
AC Ry 

i The rate of reaction as a function of hyaluronidase has been studied in 
Table V. Increasing amounts of hyaluronidase were added to a constant 
‘sts 
finn amount of antinvasin I and the rate of destruction of hyaluronidase was 


Measured after incubation for 10 minutes at 25°. 
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The results of this experiment are given in Fig. 7. The rate of destruction 
of hyaluronidase by antinvasin I is directly proportional to the concentra. 
tion of hyaluronidase. This observation reveals a fact of considerable 


TABLE V 
Rate of Reaction As Function of Hyaluronidase Concentration 


Experimental] arrangement and test substances as in Table III; source of antin- 
vasin I, 0.10 cc. of plasma of chicken. 


Hyaluronidase Half life time Rate of reaction 
Experiment No. 
Ce Rs R ac at, E 
meg. Sec. sec. mg. per 10 min. 
1 0.03 290 1180 0.022 
2 0.06 175 500 0.039 
3 0.09 105 265 0.055 
4 0.12 58 143 | 0.072 
0.08 
0.06+ 
3 
3 004- 
0.02+ 
003 006 0.09 O12 


—— HYALURONIDASE [mitticrams] 


Fic. 7. Activity of antinvasin I as a function of hyaluronidase concentration 


physiological significance, since it demonstrates that antinvasin I, present 
in normal plasma, has the capacity of destroying large amounts of hyaluron- 
idase. Activity and concentration of the defense enzyme are apparently 
of such a magnitude that it can deal effectively with high concentrations 
of hyaluronidase, corresponding to a great number of invading organisms. 
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From an inspection of Fig. 7 it becomes apparent that the activity 
of antinvasin I varies greatly with the concentration of hyaluronidase. 
In the analytical test for antinvasin I it is therefore necessary to work with a 
constant amount and a standard preparation of hyaluronidase. 


TaBLe VI 
Rate of Reaction As Function of Antinvasin I Concentration 


Experimental conditions and test substances as in Table III; source of antinvasin 
I, plasma of chicken; hyaluronidase, 0.05 mg. 


Half life time Rate of reaction 


ce. | Sec. | Sec. me. per 10 min. 
1 0.05 170 370 0.027 
2 0.10 ! 170 H40 0.037 
3 0.20 170 | 990 0.042 
4 0) .30 170 1180 0.043 


02 
ANTINVASIN I 


Fic. 8. Activity of antinvasin I as a function of antinvasin I concentration 


The rate of destruction of hyaluronidase as a function of antinvasin I 
concentration has been investigated by combining small but constant 
amounts of hyaluronidase with various concentrations of antinvasin I. 
The data of this experiment are given in Table VI. 

A plot of this experiment, shown in Fig. 8, demonstrates that propor- 
tionality between reaction velocity and concentration exists only at low 
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concentrations of antinvasin I. The reaction between antinvasin I and 
hyaluronidase then is first order with respect to each of these constituents, 
Formation of a dissociating antinvasin-hyaluronidase complex takes place 
with increasing concentration of antinvasin I. It would be premature to 
assign numerical values to the dissociation constant of this complex or to the 
velocity constant of the reaction because so far only crude enzyme prepara- 
tions have been employed. 

Effect of Polysaccharide Concentration—In the course of preparation of 
the polysaccharide it had been observed that the rate of reaction depended 
considerably on the quality of the polysaccharide. The qualitative differ- 
ence observed between different preparations of the polysaccharide made it 
advisable to investigate also the effect of various concentrations of the poly- 
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Fic. 9. Activity of antinvasin I at various polysaccharide concentrations 


saccharide on the rate of reaction of antinvasin I. The activity of antin- 
vasin I at various polysaccharide concentrations has been investigated in 
the following experiment. : 

From the course of the reaction plotted in Fig. 9 it can be concluded 
that antinvasin I activity can be determined independent of the poly- 
saccharide concentration. Under the experimental conditions hyaluroni- 
dase is saturated with its substrate. Furthermore, there seems to be no 
competitive displacement of antinvasin I by an excess of polysaccharide. 

pH Optimum—The pH activity curve for enzymatic destruction of 
hyaluronidase by antinvasin I is shown in Fig. 10. Varying amounts of 
HCl and NaOH were added to different aliquots of hog plasma and the 
treated samples were allowed to react with bovine testicle hyaluronidase 
at various pH values for 10 minutes at 25°. The antihyaluronidase activity 
produced by each of the treated sera was measured in the test described in 
Table III and was compared with that produced by a comparable amount of 
untreated plasma. 
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Antinvasin I is much less active at pH 5.1 and pH 9.2 respectively than 
at neutral reaction. This is not due to an inactivation of the enzyme by 
hydrogen ions or hydroxy] ions, as in both instances full activity has been 
regained after readjustment to pH 6.7. The pronounced maximum of 
activity at pH 6.7 indicates that the velocity of the enzymatic reaction 
depends on the degree of ionization. The mechanism responsible for this 
optimum pH cannot be discussed at present. Only after the isoelectric 
points of both enzymes have been determined will it be possible to ascertain 
which represents the active form, the ion or the undissociated enzyme 
molecule. 
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Fig. 10. Activity of antinvasin I as a function of pH 


Effect of Temperature on Reaction, Antinvasin I-Hyaluronidase—The 
activity of antinvasin I, like that of other enzymes, increases with tempera- 
ture. To test this relation quantitatively hyaluronidase was exposed to the 
action of antinvasin for 10 minutes at 0° and 25° respectively. The re- 
maining hyaluronidase left intact after this time was measured at 25° 
and activity of antinvasin I calculated as described in Tables II and 
ITI. 

The activity of the enzyme at various temperatures is shown in Fig. 11. 
A temperature increase from 0—25° results in a 6-fold increase in enzymatic 
activity, a value typical for an enzyme. 

Inhibition by Phosphate, Effect of Salts—After observing the formation 
of an enzyme complex between antinvasin I and hyaluronidase, it seemed 
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of interest to consider the nature of the chemical bond reactive in this 
complex. The participation of phosphate linkages in the combination of 
enzyme protein and prosthetic group has been established previously in 
respiratory enzymes (24-26). Inorganic phosphate, in such cases, reacts 
as an inhibitor because it displaces the prosthetic group of the enzyme 
which is an organic phosphorus compound. Antinvasin I, likewise, is 
completely and specifically inhibited by inorganic phosphate and _ for 
reasons of analogy it may be predicted that in this enzyme reaction organic 
phosphate bonds are also involved. 


fe) 


— activity 


0.! 0.2 
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Fic. 11. Activity of antinvasin I as a function of temperature. Curve 1, at 0°; 
Curve 2, at 25°. 


Antinvasin I of hog plasma and hyaluronidase were incubated in phos- 
phate buffer, pH 7.0, of various strengths, and the reaction was allowed to 
proceed at 25° for 10 minutes. The enzymatic activity of antinvasin | 
was then determined under‘the conditions described in Table III. The 
results of the experiment are shown in Fig. 12. 

The effect of various electrolytes, sodium salts of weak and strong 
acids, has been investigated under the same conditions as described for 
phosphate by incubation of antinvasin I with hyaluronidase in neutral 
solution of the salts. The results of this experiment arranged in the order 
of increasing ionization of the acids are compiled in Table VII. 

The activity of antinvasin I is slightly increased by weak electrolytes, 
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while it is somewhat depressed by completely ionized electrolytes. The 
inhibition by phosphate is an exception to this rule. It is apparently caused 
by a specific reaction and not merely by a general salt effect. Cyanide, 


INHIBITION [ 


A. 


0.02 0.06 0.10 
PHOSPHATE [ 


Fia. 12. Inhibition of antinvasin I by phosphate 


Taste VII 
Effect of Salis on Antinvasin I 
Half life time 
Salt, 0.1 M R—Rs 
Ro 
| sec. sec. per cent 
es 170 S70 4.1 28 Acceleration 
195 | 25 | 0.05 98 Inhibition 
170 | 420 1.5 53 


even in high concentration, does not interfere with the activity of antin- 
vasin I, which seems to indicate that heavy metals like copper or iron are 
not involved in the reaction mechanism of this enzyme. 

Stability of Antinvasin I—The resistance of the enzyme against denatur- 
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ing agents like heat, acid, and bases has been investigated, and the results 
are presented in Table VIII. A knowledge of these data is required not 
only in future attempts at purification and isolation but also for the identi- 
fication of the enzyme and its distinction from other biologically active 
substances, like antibodies. 

From the data accumulated in Table VIII certain conclusions can be 
drawn in regard to the chemical nature of antinvasin I. The fact that the 
enzyme does not dialyze through a cellophane membrane indicates a high 
molecular weight. The stability of the enzyme against prolonged dialysis 
shows that no splitting off of a prosthetic group occurs. 

From the velocity of destruction at two temperatures the activation 
energy for enzyme inactivation [u = AH + RT] has been calculated to 
correspond to 124,000 (calories per mole), which is a typical value for an 


VIII 
Stability of Antinvasin IT (in Hog Plasma) 
Treatment 
Destruction 
Time | Temperature pH 

3 | per cent 
| 2 6.0 | 0 


enzyme. The average value calculated for the destruction of thirty-four 
different enzymes was found to be » = 68,600 (27). 

Substances like heparin (14), or antibodies (10, 13-16), have been re- 
ported to act as inhibitors of hyaluronidase, but antinvasin I can be dis- 
tinguished from these substances by its response to denaturation. Antl- 
bodies are relatively thermostable (28), while the enzyme loses most of 
its activity in 15 minutes at 55°. While antinvasin I is destroyed 
by slightly elevated temperatures and in weakly acidic solutions, heparin 
is completely stable even under much more drastic conditions (29). 

Source of Antinvasin I—Plasma containing antinvasin I was obtained 
from blood which had been defibrinated by stirring. 70 per cent less 
antinvasin I was found in serum after formation of the clot as compared with 
the yield obtained from defibrinated blood. This loss presumably is due 
to adsorption of the enzyme. 

A few preliminary experiments were performed with various tissues in an 
attempt to obtain information about the origin of the enzyme, and with 
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the hope of finding a richer source than plasma as a material for future 
isolation of the enzyme. Various organs were minced and ground with 
sand, extracted with water for a few hours at room temperature, and then 
centrifuged. The supernatant solutions were tested for antinvasin I, 
but no activity was found in extracts from spleen, kidney, liver, heart, and 
stomach of hog or trom the middle cervical lymph nodes of beef. None 
was found in laked red blood corpuscles. An appreciable amount was 
found in thymus but these extracts are very viscous and inconvenient to 
manipulate. 

A number of observations has been reported in the preceding sections 
to demonstrate the enzymatic nature of antinvasin I and to distinguish it 
from antibodies. The enzymatic reaction described here may be taken 
as a mechanism of natural immunity against invading organisms, as distin- 
guished from the acquired immunity represented by antibody formation 
following exposure to antigens. Antibodies appear in the circulation 
following exposure of the animal to an antigen; their concentration falls 
off rapidly after this contact ceases. In contrast, antinvasin is present in 
normal plasma of all species investigated. Furthermore, antibodies react 
specifically with the antigen used for immunization while antinvasin I, 
in a non-specific reaction, will destroy hyaluronidases from various sources. 
Experiments which exemplify this fundamental difference are described in 
the following section. 

Distribution of Antinvasin I and Its Reaction with Hyaluronidase from 
Various Sources—The test described in Table III was used here to in- 
vestigate the enzymatic reaction taking place after combination of antin- 
vasin I in various plasmas with different hyaluronidases. The hyaluroni- 
dase concentration in every case was adjusted to correspond to a half life 
time of Ry = 175 seconds. 

It is concluded from the foregoing facts that the healthy organism pos- 
sesses protective enzymes which, by destroying hyaluronidase, are destroy- 
ing tools of invasion. These protective enzymes found in normal plasma 
of all species investigated appear to be an important factor in natural 
immunity. An inspection of the data compiled in Table LX reveals that in 
the majority of cases reaction between plasma antinvasin I and hyaluroni- 
dase has taken place. This point strongly indicates the non-specificity 
of the process and it seemed obvious to predict the presence of an interfering 
substance in those exceptional instances in which the plasma enzymes 
failed to react with hyaluronidase. In Paper II a second enzyme, pro- 
invasin I, will be described which is responsible for this interference. Cer- 
tain pathogenic bacteria and snake venoms not only contain hyaluronidase 
as a tool for invasion of the tissues but also produce additional enzymes like 
proinvasin to protect hyaluronidase against destruction by the body defense 
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TaBLEe IX 


I 


Reaction of Antinvasin I of Various Plasmas with Hyaluronidases from 


Different Sources 


Activity | of | 
Ro A+1 
per cent per cent 
Horse testes Human 4.9 83 
Chicken 3.8 79 
Rabbit 6.8 7 
Beef 1.4 | 58 
Horse 2.8 | 74 76 
Bovine testes Human | 9.2 90 | 
Hog nia 4.7 83 | 
Chicken | 4.5 82 
Carp 2.1 68 | 
Rabbit | 1.0 50) | 
Beef | 0.32 | 24 | 66 
Pneumococcus type VI | Human | 9.3 | 90 
Hog | 0.85 | 46 | 
Chicken | 1.8 | 64 | 
Rabbit | 1.0 50 | 
Beef | 2.4 71 | 64 
Pneumococcus type [I | Human | 4.1 80 | 
Hog | 0.66 40 | 
Chicken | 0.88 47 | 
Rabbit | 0.54 35 | | 
Beef | 1.5 60 52 
Clostridium welchii Human | 0.53 35 | 
Hog | 33 69 | 
Chicken | 0.1 9 | 
Carp | 0.02 2 | 
Beef 91 | 41 
Staphyloceccus aureus Human | 0.53 35 
Hog | 0.17 15 
Chicken | 0 
Rabbit | 0 0 
Beef | 4.1 | SO 26 
Snake venom, moccasin Human | 0 | 0 
Hog | 0 | 0 
Chicken | 0 | 0 
Beef | 0 0 
Horse | 0) 0 


* A, relative concentration of antinvasin I in 0.1 ec. of plasma. 


+ D, destruction of hyaluronidase in 10 minutes at 25°. 
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enzymes. The figures given in Table IX represent, therefore, minimum 4 
values for antinvasin I activity, depending upon the relative proportion of 
the enzymes proinvasin and hvaluronidase produced by the pathogenic ay 
organisms. Hyaluronidase from pneumococcus is accompanied by smal! ; 
amounts of proinvasin I and destruction of antinvasin I in this case proceeds i 
at a slow rate. On the other hand, the larger amounts of proinvasin pro- 
duced by Staphylococcus aureus or present in moccasin venom will destroy 
antinvasin I so rapidly that its rate of reaction with hyaluronidase becomes : 
negligible. Proinvasin I rapidly destroys antinvasin I in plasma and it is 
conceivable that the 7m vivo action of proinvasin [| may be the reason for \ 
the lowered concentration of antinvasin I observed in plasma of certain , ) 
individuals. 
At this point it will be necessary to consider the participation of still ' ‘| 
another enzyme present in plasma, antinvasin Il. The data in Table IX a 
demonstrate that the activity of antinvasin I of beef plasma is low with 4 : 
testicular hyaluronidase, although the same plasma showed exceptionally a 
high activity with hyaluronidase isolated from Staphylococcus aureus and | 
Clostridium welchii. This observation was the first indication of the ia 
/ existence of this new enzyme, which was found later to be present in every 
plasma investigated. A more detailed description of this enzyme will be ‘ 
presented in Paper III of this series. Antinvasin II reacts by destroying : 
proinvasin I from various sources such as bacteria and snake venoms. ‘a 
At low concentration of antinvasin I, for example that prevailing in beet } 
plasma or in the plasma of certain patients, reaction (b) proceeds so slowly a 
it becomes negligible compared to reaction (¢). 
(a) Hyaluronidase + antinvasin I inactivated hyaluronidase 
(b) Antinvasin I + proinvasin — antinvasin I 
(c) Proinvasin | antinvasin II — promvasin 
The over-all effect in this sequence of reactions will be that antinvasin | 
is left intact to fulfil its protective function against invasion by destroying 
hyaluronidase while antinvasin II is supporting this function through elim- 
ination of proinvasin I. The figures given in Table LX for the activity of 
antinvasin I against bacterial hyaluronidases are minimum values. These re 
values depend not only on the relative proportion of hyaluronidase to 4 
proinvasin but also on the concentration of antinvasin IT. et 
Variations in Concentration of Antinvasin I—The figures reported in g 
Table IX for the concentration of antinvasin I represent the maximum aq 
values encountered in the course of this investigation. Considerable varia- 4 | 
tions have been found, however, which are explained by the fact that invad- Py 
ing organisms produce enzymes like proinvasin which destroy antinvasin. 4 
Preliminary experiments with patients and healthy individuals seem “4 
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to indicate a striking correlation between physical condition of the in- 
dividual and the concentration of this enzyme in plasma. In Table X 
a few isolated cases are summarized to illustrate this point. Hvaluronidase 
obtained from pneumococcus type VI was incubated for 10 minutes at 
25° with 0.1 ec. of plasma and the activity of antinvasin I was determined 
from the amount of hyaluronidase destroyed. The results of this experi- 
ment are shown in Table X. 


TABLE X 


Antinvasin I in Plasma of Various Human Patients (Destruction of Hyaluronidase 
from Pneumococcus Type V1) 


Activity of antinvasin I 


Diagnosis pe R — Ro 
Ro 
Cellulitis, right foot, general arteriosclerosis. 
Chronic ulcer of leg and 
Carcinoma of vulva, obesity, hypertension ............ 5 
TABLE XI 


Antinvasin I in Plasma of Various Human Patients (Destruction of H yaluronidase 
from Bovine Testes) 


Activity of antinvasin I 


Diagnosis | [ 

Ry 
Cellulitis, general arteriosclerosis........................ 3.2 
Chronic ulcer of leg and cellulitis........................ | 2.6 
eerrier, | 2.0 
Type X pneumococcic | 1.8 

| 0.8 


Erysipelas of inguinal region...... 


Obiections may be raised to the results presented in Table X that specific 
antibodies are responsible for the observed destruction of pneumococcus 
hyaluronidase by human plasma. Protective antibodies to a variety of 
infections may be found in individuals who have never had a clinically 
recognizable case of the disease in question. This argument cannot be 
applied if the destruction of bovine testis hyaluronidase is used as an indi- 
cator of the antinvasin I concentration in plasma. It can be assumed that 
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human plasma does not contain antibodies against hvaluronidase of bovine 
testicle. O.1 cc. of plasma of various individuals was incubated for 10 
minutes at 25° with bovine testis hyaluronidase, and the activity of antin- 
yasin I was measured in the test described in Table III. The results are 
summarized in Table XI. ; 

Preliminary results, summarized in Tables X and XI, indicate a pro- 
nounced decrease of the antinvasin I concentration in the plasma of individ- 
uals with various disease conditions. A much more detailed investigation 
would be desirable to follow the concentration of these enzymes in the 
eourse of various infections. 

The present investigation has not been extended far enough to indicate 
the significance of antinvasin I and II as therapeutic agents. It would be 
of interest to investigate this possibility not only in bacterial diseases but 
also in cases in Which the toxic agent Is a virus or Comes from venomous or- 
ganisms like poisonous reptiles. 


SUMMARY 


1. An enzyme has been jound in normal blood plasma which, by destroy- 
ing hvaluronidase, acts as an antiinvasion catalyst. 

2. The properties of the new enzyme, antinvasin I, have been investi- 
gated as well as its incidence and distribution, and a method of assay is 
described. 

3. The kinetics of the reaction have been studied, including the effects 
of temperature and pH on the activity and on the denaturation of the 
enzyme. 

4. On the basis of these data the active principle can be differentiated 
from antibodies and it can be classified as an enzyme. 

5. Antinvasin I has been found in the normal plasma of all mammals, 
birds, and fish investigated. It reacts with about equal velocity with 
hyaluronidase obtained from a number of sources. 

6. The general occurrence and the unspecific reaction of antinvasin I 
further distinguish the enzyme trom antibodies. 

7. A pronounced decrease in the concentration of antinvasin | has been 
observed in individuals with various infections. 

8. The wide distribuiion and reaction of antinvasin I with hyaluroni- 
dases from various sources suggest that the enzyme plays an essential 
réle in the defense mechanism of the body by preventing invasion of certain 
bacteria and venoms. 


The author is indebted to Rose Oginsky for technical assistance, to 
Dr. E. J. Borkovie and Dr. H. Hamburger for selection of the patients, and 


toG. D. Searle and Company for a grant-in-aid which made this work pos- 
sible. 
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ON THE MECHANISM OF INVASION 


II. PROINVASIN I, AN ENZYME IN PATHOGENIC BACTERIA 
AND IN VENOMS 


By ERWIN HAAS* 


(From the Worcester Foundation for Experimental Biology and the Worcester State 
Hospital, Worcester) 
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In Paper I (1) a scheme was presented to illustrate the interplay of 
various enzymes in processes of invasion and defense. An enzyme was 
described, antinvasin I, which had been found in plasma and which, by 
destroying hyaluronidase, acted as an antiinvasion catalyst. In the course 
of this investigation a second enzyme was observed in the culture medium 
of certain bacteria and in snake venoms. This enzyme, proinvasin [, is 
produced by the pathogenic organism simultaneously with hyaluronidase 
and acts by destroying antinvasin I, the defensive enzyme in plasma 
Hyaluronidase, although normally inactivated by antinvasin I, is then left 
intact, since it is accompanied and protected by proinvasin | in amounte 
sufficiently large to cause destruction of antinvasin I. It can be assumed 
that proinvasin I will materially enhance the invasion of bacteria and 
venoms because, by eliminating antinvasin I, it permits the action of 
hyaluronidase to proceed unhindered. 

In the present study the distribution of proinvasin I and its properties 
have been investigated. The reaction of the enzyme with antinvasin ! 
in plasma of various species has been studied and an analytical test pro 
cedure devised for the quantitative determination of proinvasin |. The 
preparation of the test substances, as well as the viscometric method that 
used for the determination of hyaluronidase and of antinvasin I, wae de. 
scribed previously (1). The assay for proinvasin | essentially consists of 
measuring the amount of antinvasin I that has been inactivated by pro 
invasin I in the following system: 


Proinvasin I — antinvasin I — hyaluronidase — polysaccharide 


In the test procedure the antinvasin I of plasma is first incubated with the 
proinvasin of snake venom or bacteria. The amount of antinwasin | left 
intact after this time is determined by measuring its action on bowine 
hyaluronidase. Finally, the remaining hyaluronidase is measured by its 
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activity in depolymerizing the polysaccharide. In its over-all effect, a 
rapid decrease in viscosity thus indicates high activity of proinvasin J, 


Test for Proinvasin I (Proinvasin I of Snake Venom) 


As a source of the enzyme, venom of the cottonmouth moccasin (A gki- 
strodon piscivorus) was used in the first set of experiments. While pro- 
invasin I is present in the venom in high concentration, the amount of 


TABLE I 
Destruction of Antinvasin I of Human Plasma by Proinvasin I of Moccasin Venom 
Ostwald viscosimeter, capillary diameter, 0.56 mm.; temperature, 25°; polysac- 
charide, 8 mg. per cc. of 0.02 mM acetate buffer, pH 4.7; hyaluronidase trom bovine 
testes, 0.50 mg. per ce. of water; source of antinvasin [, human plasma; source of 
proinvasin I, moccasin venom. 


Experi- Experi- Experi- | Experi- 
| Experi- ment ment ment | ment 


ment 2 


4 
nll 6.7, cc... 0.25 0.25 0.25' 0.25, 0.25] 0.25 
| | | 60.10; 0.10 
| | 0.02; 0.02 


Solutions incubated 10 min., then combined with hyaluronidase 


| 


Solutions incubated 10 min., then combined with polvsaccharide 
0.5 m phosphate, pH 7.0, cc......... | 0.8 | | 
off 4.57, eC... 1.00 | 
te = 39.2 t; = 92 
% 


Destruction of antinvasin I by proinvasin I in 10 min. at 25°,%...... 


hyaluronidase is small; so that corrections for interference by hyaluronidase 
become negligible. Experimental details of the test are given in Table I, 
where the destruction of antinvasin I of human plasma by proinvasin i 
of moccasin venom has been investigated, according to the following 
procedures: Mixtures of proinvasin and antinvasin as well as the various 
controls were kept in a buffered solution for 10 minutes at 25° with 
occasional stirring. Antinvasin I, having been exposed to the action of 


| 
; 
3 
i 
be 
| | 
i 
‘ 
i 
‘ 
> 
* 
G 
54 


E. HAAS 91 


proinvasin I, was then allowed to react for 10 minutes at 25° with bovine 
testis hyaluronidase. The activity of the remaining hyaluronidase was 
then measured viscometrically. 

In Experiments 1 and 2 the flow time is measured for the buffer and for 
the polysaccharide solution before the addition of hyaluronidase. Experi- 
ment 3 shows the activity of hyaluronidase. From a comparison of Experi- 
ments 3 and + it can be seen that the activity of hyaluronidase remains 
practically unchanged after its combination with proinvasin; t.¢., hyaluron- 
dase does not react with proinvasin 1. In Experiment 5 the activity of 


—+ 7 RELATIVE VISCOSITY 


| 
300 i200 
t; REACTION TIME (s€conos) 


Fig. 1. Depolymerization of the polysaccharide as a function of proinvasin I. 
Curve 1, without plasma; Curve 2, with 0.1 cc. of plasma; Curves 3 to 5, with 0.1 ee. 
of plasma plus 0.01, 0.02, and 0.04 mg. of moccasin venom, respectively. 


antinvasin I is obtained and, finally, by comparing Experiments 5 and 6 
the destruction of antinvasin I by proinvasin I can be determined. 

Effect of Vartous Concentrations of Proinvasin I—The destruction of 
antinvasin I as a function of proinvasin I was investigated by incubating a 
constant amount of antinvasin I of human plasma for 10 minutes at 25° 
with varying amounts of proinvasin of moccasin venom. In every other 
detail the experiments were conducted as described in Table I. Fig. 1 
shows the rate at which depolymerization proceeds in the various experi- 
ments. It demonstrates clearly the pronounced effect of the two enzymes, 
antinvasin I and proinvasin I, on the breakdown of the substrate. These 
act indirectly and antagonistically to each other with the result that the 
rate of breakdown of the polysaccharide is altered. 
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A comparison of Curves 1 and 2 illustrates the destructive effect of ant- 
invasin I on hyaluronidase, which is indicated by the diminished rate of 
depolymerization. The progressive destruction of the activity of antin- 
vasin I by proinvasin I is demonstrated by comparing the slow rate of 
depolymerization in Experiment 2 with the increasing rates in Experiments 
3, 4, and 5. In Fig. 2 the rate of destruction of antinvasin I is plotted 
as a function of the concentration of proinvasin I. 

The crude venom of the cottonmouth moccasin is a very potent source of 
proinvasin I; as little as 0.04 mg. of the venom suffices to destroy 98 per 
cent of antinvasin I in 10 minutes under the conditions described in Table 
I. Hvaluronidase of venom, bacteria, etc., accompanied by such amounts 
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0.01 0.02 0.03 0.04 
PROINVASIN I. [MILLIGRAMS MOCCASIN VENOM] 


Fic. 2. Test for proinvasin I. Destruction of antinvasin I of human plasma by 
proinvasin I of moccasin venom. 


of proinvasin I, is capable of playing its réle as an invasive agent with maxi- 
mum efficiency because it is thus protected against destruction by antin- 
vasin I of plasma. 

Effect of Time on Reaction, Proinvasin I-Antinvasin I—The high efficiency 
of proinvasin I can be demonstrated further by observing the speed with 
which it destroys antinvasinI. In Table II constant amounts of proinvasin 
I from moccasin venom, and of antinvasin I from human plasma, were 
combined. It will be seen that even at room temperature, and at small 
concentration of proinvasin I, rapid reaction occurs, resulting in the com- 
plete destruction of antinvasin I in the course of a few minutes. 

Proinvasin I of Staphylococcus aureus—In the next experiment the reac- 
tion proinvasin I — antinvasin I was further investigated; but here the 
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proivasin | was obtained from Staphylococcus aureus instead of snake 
venom. ‘This preparation, which contains proinyasin I as well as hyaluroni- 
dase, was isolated as previously described (1). 600 ec. of the medium from 
a heavily seeded culture yielded 1.3 gm. of a crude enzyme. This prepara- 
tion, although impure, contains sufficient proinvasin I in a sample of 5 mg. 
to destroy 65 per cent of antinvasin I in 10 minutes under the experimental 
conditions described. The activity of bacterial proinvasin I is shown in 
Table III]; experimental details are similar to those described in Table T. 


TaBLe II 
Destruction of Antinvasin I by Proinvasin I of Moccasin Venom As Function of Time 
Experimental conditions as in Table I; temperature, 25°. 


Experiment Experi- Experi- Experi- 


ment 2 ment 3 ment 4 
porate buffer, pit 6.7, cc............... 0.25 0.25 


Solutions incubated for various periods, then combined with hyaluronidase 


0 min. 1 min. 5 min. 


0.10 0.10 0.10 0.10 


Solutions incubated for 10 min., then combined with polysaccharide 


0.5M phosphate butier, pH 7.0, ce. 0.50 
Polysaccharide, ce... 1.00 
Half life time, Ro, sec... . 210 
Activity of antinvasin I E = R ] e 5.0 1.8 Run 0.07 
0 


Destruction of antinvasin I, ©)... 70 OS 


The next experiments were performed to study the effect of various con- 
centrations of proinvasin I on antinvasin I. In these studies proinvasin | 
prepared from cultures of different bacteria such as pneumococci, Staphylo- 
coccus aureus, and Clostridium welchii was employed. Fig. 3 represents a 
summary of these studies. 

Three types of pathogenic bacteria and two venoms have been investi- 
gated and in each case the presence of proinvasin I was observed. It 
might be expected from:this evidence that proinvasin I is widely distributed. 
Reaction of Proinvasin I with Antinvasin I of Various Plasmas—Thus 
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TaB_Le III 
Destruction of Antinvasin I of Human Plasma by Proinvasin I of Staphylococcus aureus a 
Source of proinvasin I, Staphylococcus aureus; source of antinvasin I, human ya 
plasma; source of hyaluronidase, bovine testes, 0.40 mg. per cc. of water; polysae. str 
charide, 8 mg. per cc. of 0@ acetate buffer, pH 4.7. : bir 
| et | 
| Experiment 1 | | 
| | | 
| : | | m 
borate buffer, pH 6.7, cc......... | 0.25 0.25; 0.25 | 0.95 
| 0.50 0.45 0.50) 0.45 
Antinvasin I, cc.......... | | 0.05 | | 0.05 
j De: 
Incubated 10 min., then combined with hyaluronidase — 
Incubated 10 min., then combined with polysaccharide bas 
0.5m phosphate, pH 7.0, cc............ | 0.50 | | Hu 
| 1.00 | | Ho 
R— Roy] 
Activity of antinvasin I E 5.9 2.1 
0 
Destruction of antinvasin I by proinvasin Tin 10 min., %....... 65 
80- | 
Zz 
a | | Hw 
$ 60; 1 
= Chi 
2 
Hoy 
5 40- Car 
Tal 
bad 7 
var 
II] 
PROINVASIN T 
Fic. 3. Test for proinvasin I. Destruction of antinvasin I by proinvasin I from “7 
various bacteria. Curves 1 to 3, proinvasin I of pneumococcus type VI, Staphylo- all 
coccus aureus, and Clostridium welchii, respectively. re 
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far human plasma had been used as a source of antinvasin I to investigate 
the destruction of this enzyme by proinvasin I. Tables IV and V demon- 
strate that antinvasin I in plasma other than that of humans, 7.¢. mammals, 
birds, fish, is likewise destroyed by proinvasin I. 

The activity of proinvasin I of snake venom was measured as described 
in Table I; z.e., 0.1 ec. of the plasma was incubated for 10 minutes with 0.02 
mg. of the venom, after which testis hyaluronidase was added and, finally, 
10 minutes later, the decomposition of the polvsaccharide was measured. 


TaBLe IV 


Destruction of Antinvasin I of Various Plasmas by Proinvasin I of Moccasin Venom 


Activity of antinvasin I ; 
> Destruction of 
antinvasin I by 


Source of antinvasin I; plasma 


Without 0.02 mg. proinvasin I 
proinvasin I proinvasin I 
Per cent 
Golden carp 1.5 1.0 ; 
TABLE V 


Destruction of Antinvasin I of Various Plasmas by Proinvasin I of 
Staphylococcus aureus 


Activity of antinvasin I 


Destru tion of 
antinvasin I 


Without 5 mg. by proinvasin I 
proinvasin I proinvasin I 

8.9 3.4 65 

4.5 1.1 (76 


Table IV summarizes the effect of proinvasin I of moccasin venom on antin- 
vasin I of four different plasmas. 

The action of proinvasin I of Staphylococcus aureus on antinvasin I of 
various plasmas was determined under the conditions described in Table 
Il]. The results are presented in Table V. The findings summarized in 


Tables IV and V indicate that proinvasin I, derived either from bacteria 


or from venoms, is capable of reaction with antinvasin I in the plasma of 
all species investigated. This evidence indicates that proinvasin I, by 
destroying the defensive enzyme in plasma, may play an essential rdéle 
in the processes of invasion. 
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Protection of Hyaluronidase by Proinvasin I—It had been observed pre. 
viously (1) that the velocity of reaction between antinvasin I and hvaluroni- 
dase varied greatly, depending on the origin of the hyaluronidase. These 
variations can be explained now, when the concentrations of proinvasin as 
well as hyaluronidase are taken into account. Table VI shows the relative 


TaBLeE VI 
Relative Proportion of Proinvasin I to Hyaluronidase in Various Sources 
Required for 
Hyaluronidase | Proinvasin I Hyaluronidase 
action* actiont 
meg. | me. 
Pneumococcus type VI............ T 1.25 | 1.75 0.7 
Staphylococcus aureus. 9.0 | 2.5 3.6 
0.10 | 0.009 11.0 
Diamondback rattlesnake venom . 0.06 | 0.05 


* Concentration of hyaluronidase which will depolymerize 50 per cent of the 
polysaccharide in 10 minutes at 25°. 

+ Concentration of proinvasin which will cause destruction of 50 per cent of 
antinvasin I in 10 minutes at 25°. 


TaBLe VII 


Variations in Destruction of Hyaluronidase of Testes, Bacteria, and Venom by Antin- 


vasin 
Source of hyaluronidase* - Destruction of hyaluronidaset 
per cent 


* Concentration of hyaluronidase adjusted to depolymerize 50 per cent of the 
polysaccharide in 180 seconds = Ro. 

+t Average values after reaction for 10 minutes at 25° with 0.1 cc. of the following 
plasma: human, chicken, rabbit, beef, horse, and carp. 


concentration of these two invasion-promoting enzymes in preparations 
from various sources. The extent to which hyaluronidase of various sources 
has been destroyed by antinvasin I under identical conditions is evident 
in Table VII. | 

By comparing the data in Tables VI and VII it will be seen that the 
relative proportion of proinvasin I to hyaluronidase determines the course 
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of events, and the following conclusions can be drawn. (1) With large 
amounts of proinvasin I, such as are present in moccasin venom, the de- 
struction of antinvasin I takes place so rapidly that the reaction, antinvasin 
[-hyaluronidase, becomes negligible. In such a case hyaluronidase will not 
be destroyed by antinvasin J, and invasion can proceed. (2) With small 
amounts of proinvasin I (e.g. pneumococcus) the destruction of antinvasin | 
becomes negligible. The reaction, antinvasin I-hyaluronidase, therefore 
will proceed rapidly, and hyaluronidase produced by pneumococcus will be 
destroved. Under these conditions antinvasin I in plasma would be 
capable of preventing invasion. 

It is evident trom this discussion that a knowledge of the rates at which 
the various bacterial enzymes are released may be of considerable use in 
predicting their action zn vivo. The amount of hyaluronidase and of 


VIII 
Inactivation of Proinvasin I by Heat, Acid, and Alkali 
Source of proinvasin I, moccasin venom. 


Treatment (15 min.) 


Destruction 
Temperature pH 
per cent 
29 10.2 | 0 
25 3.0 | 85 
35 6.3 | 91 


proinvasin J released into the medium by the bacteria after 8, 24, and 48 
hours of growth was determined in a culture of Staphylococcus aureus. 
The absolute amount of the two enzymes increases with time. It was 
further noticed that the ratio of hvaluronidase to proinvasin I was not 
constant, but increased considerably with time. This fact may be taken 
as evidence that the enzymes appear in the solution not merely as a result 
of autolysis of the bacteria. It seems that proinvasin I becomes available 
first as a means of neutralizing the action of antinvasin I. Thereafter are 
released increasing amounts of hyaluronidase (‘‘spreading factor’’), the 
enzyme which facilitates invasion by decomposition of the mucoid ground 
substance of the connective tissue (2-5). Duran-Reynals (6) has shown 
that the spreading factor greatly enhances experimental bacterial and 
Virus infection in the skin. 

The experiments shown in Tables IV and V suggest that the destruction 
of antinvasin I by proinvasin I is a non-specific reaction of proinvasin of 
bacteria and venoms with antinvasin I, the enzyme in the plasma of all 
species investigated. Certain exceptions from this rule have been observed, 
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however, cases in which antinvasin I was destroyed much less than usual, 
e.g. in the plasma of patient A. 8. (Table V). This was the first indication 
that normal plasma contains another enzyme, in addition to antinvasin J, 
which destroys proinvasin | and which acts therefore as a second anti- 
invasive factor. This enzyme, to which we will refer as antinvasin II, 
will be described in Paper ITI. 

Stability of Proinvasin I against Denaturing Agents—-A few preliminary 
data are accumulated in Table VIII to provide some indication as to the 
chemical nature of the enzyme, to serve as a guide for the future isolation, 
and to distinguish proinvasin I from other enzymes present in venom. 

Some of the crude venoms have been found to be more potent than pure 
trypsin (7). Proinvasin I can be distinguished from trypsin by its response 
to acidic reaction. While trypsin can be kept (8) without appreciable loss 
for 24 hours at 30° and pH 3.0, proinvasin I in moccasin venom loses 85 
per cent of its activity at this pH in 15 minutes at 25°. Lecithinase has 
been found in snake venoms but the heat stability of this enzyme com- 
pared with that of proinvasin I in moccasin venom indicates that the two 
enzymes are not identical: Lecithinase has been reported to be stable to 
prolonged boiling (9) while proinvasin I loses 91 per cent of its activity in 
15 minutes at 55°. For the same reason proinvasin I.cannot be identical 
with the thermostable, glycolvsis-inhibiting substance observed in a number 
of snake venoms (10). 

Other enzymes, such as 5-nucleotidases, phosphomono- and_ phospho- 
diesterases, have been found previously in venoms (11). The relation of 
the former enzyme to proimvasin I has not been investigated, but it seems 
certain that the ‘‘alkaline’’ tvpe phosphoresterases are not identical with 
proinvasin J. Moccasin venom, which is a rich source of proinvasin ], 
is free of monoesterase, and the diesterase reacts much too slowly to be 
compared with proinvasin I. 


SUMMARY 


1. In the culture medium of certain pathogenic bacteria and in snake 
venoms a new enzyme has been found which will be referred to as ‘‘pro- 
invasin 

2. This enzyme is produced by the same organisms which produce hyalu- 
ronidase; its apparent function is the destruction of antinvasin I, the de- 
fense enzyme of plasma. 

3. The relative proportion of the two enzymes, proinvasin I and hyalu- 
ronidase, varies greatly, depending on the source of the enzymes. 

4. The relative proportion of these two enzymes will] determine the course 
of the reaction; if only small amounts of proinvasin I are present, hyaluroni- 
dase is unprotected; it will be destroyed by antinvasin I, and invasion by 
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this route is prevented. With high concentration of proinvasin I, antin- 
vasin I is rapidly destroyed and hyaluronidase, thus protected, is enabled 
to enhance invasion. 

5. It can be assumed that proinvasin I, by protecting hyaluronidase 
from destruction by plasma enzyme (antinvasin I), contributes materially . 
to the severity of infections. 

6. An assay for proinvasin I has been described; some of the properties a 
of the enzyme as well as its distribution in various sources have been 


investigated. 
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ON THE MECHANISM OF INVASION 
Ill. ANTINVASIN II, AN ENZYME IN PLASMA 
By ERWIN HAAS* 


(From the Worcester Foundation for Experimental Biology and the Worcester State 
Hospital, Worcester) 


(Received for publication, December 6, 1945) 


Two new enzymes have been described in previous papers (1). The 
first, antinvasin I, which is part of the defense mechanism of the body, 
has been found in blood plasma. The second enzyme, proinvasin I, has 
been observed in the culture medium of pathogenic bacteria and in venoms: 
it constitutes apparently part of the mechanism of tissue invasion by 
bacteria and animal toxins. In the course of this investigation the 
presence of a third new enzyme was observed which will be described in the 
present paper. ‘The function of this enzyme, which occurs in the plasma 
of all animals investigated, is the destruction of proinvasin I. It reacts 
therefore as an antiinvasive catalyst and we shall refer to it as antinvasin 


IT. 


Mechanism of Action of Antinvasin II 


The activity of antinvasin II can be demonstrated by viscometric meas- 
urements, by the same method described previously for the determination 
of hyaluronidase, antinvasin [, and proinvasin I. The depolymerization 
of the polysaccharide under certain conditions is a function of the concen- 
tration of antinvasin IT in the following sequence of reactions: 


Antinvasin If — proinvasin I — antinvasin I — hyaluronidase — polysaccharide 


Due to its intermediate position between antinvasins I and II, the 
action of proinvasin I will be determined largely by the relative proportion 
of antinvasin I to antinvasin II. For example, with large amounts of antin- 
vasin I, such as are present in plasma of healthy individuals, proinvasin 
I will react with antinvasin I so fast that its reaction with antinvasin IT 
can be neglected. Under these conditions antinvasin II cannot be demon- 
strated. Under certain conditions, however, e.g. in the plasma of patients 
with infections, the concentration of antinvasin I is so low that its rate of 
reaction with proinvasin I becomes negligible. In this case antinvasin 
If will react with proinvasin I, resulting in the destruction of proinvasin I. 
This is apparently the physiological réle of antinvasin IT: the destruction 


* Present address, Institute of Pathology, Western Reserve University, Cleveland, 
Ohio. 
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of proinvasin I, the enzyme employed by the invading organism. This 
function of antinvasin IT is of importance and it proceeds especially eff- 
ciently in those cases in which antinvasin I, the primary antiinvasive factor, 
has been depleted. 

Antinvasin I] seems to be a normal constituent of plasma and its presence 
can be demonstrated under various conditions. (1) As already mentioned, 
it is present in plasma of individuals with various infections. (2) Plasma 
oft beef is an especially rich source of antinvasin II, and the presence of this 
enzyme can be observed easily because bovine plasma normally has a low 
antinvasin I content. (3) Antinvasin IJ is more resistant to denaturation 
than antinvasin I. Due to this fact, it has been possible to demonstrate 
the presence of antinvasin IT also in every normal plasma. 


EXPERIMENTAL 


Experimental details have been given previously for the preparation 
of the test substances, for the arrangement of the tests, and for the calcula- 
tion of the results (1). Essentially the same method was applied in the 
present investigation on antinvasin IJ. A few experiments summarized 
in Tables I and II will describe the procedure used for the determination 
of antinvasin II. 

The experiments presented in Table I will illustrate some of the points 
mentioned in the introduction. A comparison of Experiments 1 and 2 
shows that proportionality exists between concentration and activity of 
antinvasin I. From a comparison of Experiments 2 and 4 it becomes evi- 
dent that the activity of antinvasin I is considerably diminished in the 
plasma of the patient with erysipelas of the inguinal region. The experi- 
ment shows furthermore that proinvasin I from Staphylococcus aureus 
destroys in 10 minutes 60 per cent of antinvasin I in normal plasma (Experi- 
ments 2 and 3), but that it fails to destroy antinvasin I in the plasma ofthe 
patient (Experiments 4 and 5). 

In Table II another set of experiments is presented to show that the 
apparent failure of proinvasin I to react with antinvasin I in the plasma 
of the patient is due to the destruction of proinvasin I by antinvasin 
IT. 

From the experiments described in Table II the following conclusions 
can be drawn: (1) The activity of antinvasin I in bovine plasma (Experi- 
ment 1) is 40 times lower than that found in normal human plasma (Experi- 
ment 2). (2) Antinvasin I, in human plasma, is rapidly destroyed by 
proinvasin I of Staphylococcus aureus (Experiments 2 and 3), but the addi- 
tion of 0.02 ec. of bovine plasma will afford almost complete protection for 
antinvasin I (Experiments 3 and 4). From this fact it is concluded that 
bovine plasma contains an enzyme, antinvasin II, which is capable of de- 
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‘stroying proinvasin |. ‘This destruction takes place so rapidly that further 
reaction of proinvasin I of Staphylococcus aureus with antinvasin I of human 
plasma is prevented. As the net result, antinvasin I maintains its activity, 
despite the presence of the bacterial enzyme (proinvasin I). (3) No 
direct reaction takes place between antinvasin II and hyaluronidase 
(Experiment 1) and no reaction has been observed between antinvasins | 
and II (Experiments 2 and 5). 


TABLE I 

Reaction of Proinvasin I with Antinvasin I of Various Plasmas \Proinvasin I, from 
Staphylococcus aureus 

Plasma, R. P., from a healthy individual; plasma, A. F., from a patient wit! 

erysipelas; hyaluronidase, from bovine testes (0.4 mg. per cc.); polysaccharide, § me 

per cc. of 0.02 M acetate butfer, pH 4.7; temperature, 25°. 


Experi- Experi. Experi 


Experiment ment ment 
0.2m borate buffer, pH 6.7, ec........ 0.25 
Plasma, R. P. (antinvasin I), ec... 0.04 0.08 0.08 
Proinvasin I, mg.. 5.0 5 


Solutions incubated 10 min., then combined with hyaluronidase 


| 0.10 0.10 0.10 0.10 0.10 


— 


Solutions incubated 10 min., then combined with polysaccharide 


0.5 m phosphate, pH 7.0, cc........... | 0.50 


Polysaccharide, cc. | 1.00 
time, Ng, sec............. 170 170 135 170 135 
R — Roy 
Activity of antinvasin I E = - R ‘| 3.58 7.4 3.0 2.1 2.6 
0 
Destruction of antinvasin I by proinvasin Tin 10 min. at 25°, % HO 0 


The next experiment describes the destruction of protnvasin I of Staphy- 
lococcus aureus at various concentrations of antinvasin I], and for various 
sources of this enzyme. The experimental conditions are the same as 
described in Tables I and II; the results are shown in Fig. 1. 

An inspection of the results, plotted in Fig. 1, reveals that as little a-« 
0.006 cc. of bovine plasma suffices to destroy in 10 minutes at 25° 50 per 
cent of the proinvasin I present. The specimen of human plasma was 
found to be approximately 6 times less effective in destroying proinvasin I. 
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TABLE II 


Destruction of Proinvasinl] of Staphylococcus aureus by Antinvasin II of Bovine Plasma 


Source of antinvasin I, normal human plasma; of antinvasin II, bovine plasma; 


of hyaluronidase, bovine testes (0.40 mg. ner ce.i* temnerature, 25°. 


Experiment 1 _ Experi- Experi-| Experi- Experi- 


ment 2 | ment 3 | ment4 | ment § 


0.2m borate buffer, pH6.7,cc......... 0.25 
0.52 


| 
| 

0.08 0.08 0.08) 0.08 

0.02 | 0.02 


| 5.0 | 5.0 


Solutions incubated 10 min., then combined with hyaluronidase 


0.10) 0.10 0.10 0.10 


Solutions incubated 10 min., then combined with polysaccharide 


0.5 mM phosphate, pH 7.0, cc......... 0.50 ‘ 
1.00 (S mg.) 
Activity of antinvasin I | | 
R-R | | 
Ro 
Destruction of antinvasin I by proinvasin I, ©;...... | 60 9 
100} 
Z 
D 
O 
= 
S 40+ 
| 
0.02 0.04 0.06 cc. 


ANTINVASIN I 


Fic. 1. Destruction of proinvasin I as a function of antinvasin II (test for 
antinvasin II). Curve 1, antinvasin II in plasma of patient with erysipelas; Curve 


2, antinvasin II in plasma of beef. 
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E. HAAS 
The latter value, for reasons mentioned in the introduction, depends con- 
siderably on the condition of the patient (relative proportion of antinvasin 
to antinvasin I[1). 

Stanlity of Antinvasin IT against Denaturation—Antinvasin I, in human 
plasma, had been found so far only in certain patients and it seemed of 
interest to determine its presence also in normal individuals. As a pre- 
requisite, in testing for antinvasin I], it is essential to eliminate antinvasin 
[from the plasma. Experiments were performed therefore to investigate 
the stability of antinvasin II under various conditions. On the basi« of 
this information it was possible to remove antinvasin I from normal plasma 
and to test for antinvasin II. 

Samples of human plasma were adjusted by the addition of NaOH or 
HC] to the conditions described in Table I1], then incubated, and finally 
neutralized. The remaining activity of antinvasin II was measured, as 
described in Table II and Fig. 1, and compared with that of an untreated 


TaBLe III 


Antinvasin II in Human Plasma, Effect of Acid, Alkali, and Heat (Comparison with 
Antinvasin 1) 


Treatment (15 min.) Inactivation 
Temperature pH Of antinvasin Il Of antinvasin | 
of | per coms per cont 
25 10.1 0 » 
25 | 3.0 lt S7 
55 7.8 0 
60 ri 


16 


- 


aliquot. The results of these experiments are summarized in Table III 
and a comparison is made of the action of various denaturing agents on 
antinvasin I and II. 

Antinvasin IJ, the enzyme which destroys proinvasin I, is much more 
resistant to denaturation than antinvasin I, the enzyme which destroys 
hyaluronidase. Antinvasin I activity is abolished by incubation of plasma 
for 15 minutes at 60°, while antinvasin II essentially retains its activity 
under the same conditions. 

Reaction of Antinvasin II of Human Plasma with Proinwasin I of Moccasin 
Venom—The experiments described in Table IV were undertaken, first, to 
demonstrate the presence of antinvasin I] in normal human plasma and, 
secondly, to show that this enzyme is capable of destroying proinvasin | 
of snake venom as effectively as that of bacteria. The latter observation 
is of interest because it indicates a non-specific reaction of antinvasin II 
with proinvasin I obtained from widely different sources. On this basis 
itis concluded that antinvasin II does not react as an antibody. 
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The action of antinvasin IJ, directed against proinvasin I of various 
invading organisms, may possibly be of practical interest and it would be 
desirable to investigate the rdle of antinvasin IT as a therapeutic agent 
in the treatment of bacterial infections and of snake-bites. 

The destruction of hyaluronidase by antinvasin I is evident from Experi- 
ments ] and 2; the destruction of antinvasin I by proinvasin I is illustrated 
by comparing Experiments 2 and 4, and finally, the destruction of proin- 


IV 
Destruction of Proinvasin I of Moccasin Venom by Antinvasin II of Human Plasma 


Source of antinvasin I, normal human plasma; of antinvasin II], normal human 
plasma incubated 15 min. at 60°; of hyaluronidase, bovine testes (0.40 mg. per ce... 


Experi- Experi- | Experi-. Experi- 


Experiment 1 ) 
ment 2 \ment3 ment4. ment; 


0.2m borate buffer, pH 6.7, cc........ 0.25 0.25) 0.35 


Water... 0.40 0.30) 0.40 0.30 
Antinvasin I, cc....... 0.10 0.10) 0.10 

Proinvasin I, mg....... 0.02 0.02 


Solutions incubated 10 min., then combined with polysaccharide 


0.5 m phosphate, pH 7.0, ce......... | 0.50 
| 1840 1840 1410/1350 
Activity of antinvasin I E ] 9.8, 9.8) 0.7 4.5 
Destruction of antinvasin I by proinvasin I, 


vasin I by antinvasin II becomes apparent by confronting the results 
of Experiments 4 and 5. 

Antinvasin II has no direct action on antinvasin I and it does not react 
directly with hyaluronidase (Experiment 3). 

Reaction of Antinvasin II of Various Plasmas with Proinvasin I of Moc- 
casin Venom——The experiments reported in Table IV have been extended 
in Table V to include plasmas of five different species. In every case it 
was possible to demonstrate the presence of antinvasin II by the rapid 
destruction of proinvasin I. This is taken as evidence that antinvasin II 
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Solutions incubated 10 min., then combined with hyaluronidase 
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is a normal constituent of plasma in mammals, birds, and fish. It lends 
further support to the statement made previously that antinvasin II is not 
an antibody. (These animals had not been exposed to snake venom.) 

It has been proposed (2, 3) to use the presence of hyaluronidase as indi- 
cator for the presence of certain pathogenic bacteria in wounds.  Incon- 
sistent results obtained with this method have been reported (4), which 
may be explained in terms of the reactions of these new enzymes. (a) 
Hyaluronidase cannot be demonstrated in the presence of plasma, because 
antinvasin I in plasma will cause the rapid destruction of hyaluronidase. 
(6) Ina mixed infection of wounds, containing for example both pneumocoe- 
cus type VI and Staphylococcus aureus, hyaluronidase may be demonstrated 
because proinvasin I, the enzyme produced by pathogenic bacteria, will 
rapidly destroy antinvasin I. Under these conditions hyaluronidase may 
accumulate. (c) However, even in a mixed infection, hyaluronidase may 


TaBLe VI 


Destruction of Proinvasin I by Antinvasin IT (Antinvasin IT from Stix Sources; Proin- 
vasin I from Two Sources) 


| Destruction of proinvasin I 


Source of antinvasin II;* plasma 


| Of moccasin venom | Of Staphylococcus aureus 
per cent | per cent 


* Each plasma had been incubated for 15 minutes at 60° to eliminate antinvasin I. 


disappear in the following sequence of enzymatic reactions: Antinvasin II, 
which is present in certain human plasmas in relatively large amounts, will 
destroy proinvasin I. Antinvasin I, thereby protected from the action of 
proinvasin I, is now capable of reacting with hyaluronidase. 

Indication for Additional Factors in Process of Invasion (Proinvasin Il 
and Antinvasin III)—TYhe last experiment (Table VI) is presented as 4 
preliminary study, which seems to indicate the participation of two more 
constituents in this system of invading and defending enzymes. : 

Plasmas of various species were investigated (Table VI) for their con- 
centration of antinvasin IT. All six specimens were found to be very active, 
as judged by their ability to destroy proinvasin J of moccasin venom. 
However, when aliquots of these plasmas were tested against proinvasin 
I from Staphylococcus aureus, different results were obtained: Antinvasin 
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II of hog, chicken, carp, and human plasma either proved to be completels 
unable to destroy proinvasin I of S. aureus, or its destructive activity on 
the latter was much less than on proinvasin | of moccasin venom. \ntin 
vasin II is an unspecific enzyme, not an antibody; its failure to deetros 
proinvasin I indicates therefore the presence of an interfering factor im the 
enzyme preparation from S. aureus. We shall refer to this factor, pre 
sumably an enzyme, tentatively as “‘proinvasin II,’ to imply that byw ite 
action the invasion of bacteria will be promoted. A comparison of the 
results in Table VI shows that proinvasin I], in the enzyme preparation 
from S. aureus, has reduced materially the activity of antinvasin II in 
human plasma and has completely inactivated antinvasin [I in the plasma 
of hog, chicken, and carp, as indicated by its failure to destroy proimwasin 
I. With antinvasin II removed, proinvasin I can act to promote bacterial 
invasion, as previously described. ‘The enzyme system involved in the 
process of invasion seems to be more complex in bacteria than in venom; 
proinvasin If was observed only in preparations from S. aureus, not in 
moccasin venom. ‘The existence of proinvasin II in the enzyme preparation 
from S. aureus was postulated after complete destruction of antinvasin 
II had been observed in the plasma of hog, chicken, and carp. An in- 
spection of the data in Table VI reveals that antinvasin II had been much 
less destroyed under equal conditions in human and in bovine plasma. This 
apparent discrepancy can be explained by assuming tentatively the presence 
in plasma of another enzyme, “‘antinvasin III,’ which would aet by 
destroying proinvasin II of S. aureus. The course of events is then deter- 
mined by the concentration of antinvasin III in the following chain of 
reactions: 


Antinvasin III — proinvasin II — antinvasin II — proinvasin I — 
antinvasin I — hyaluronidase —+ polysaccharide 


A relatively high concentration of antinvasin III seems to occur in human 
and in bovine plasma, which results directly in destruction of proinvasin II 
and which leads indirectly to the destruction of proinvasin I and hyaluro- 
nidase. 

It should be emphasized that the conclusion reached with respect to the 
last two enzymes, proinvasin II and antinvasin III, is considered prelimi- 
nary. Separation and purification of the various components will be 
required to continue the study of this complex system in greater detail. 


SUMMARY 


1. Evidence is presented for the occurrence of a new enzyme in plasma, 
designated as ‘‘antinvasin 
2. The action of antinvasin II involves the destruction of proinvasin I, 
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the enzyme released by certain invading organisms. It 1s assumed that 
antinvasin IJ, due to this action, functions as a catalyst counteracting 
invasion and spreading of certain pathogenic bacteria and venoms. 

3. A procedure for the assay of antinvasin II is described, which allows 
the study of its properties and which makes it possible to demonstrate its 
presence in various plasmas, including that of patients. 

4. Based on preliminary evidence, the participation of two more enzymes 
may be predicted in this system, one, ‘‘proinvasin II,” postulated to occur 
in Staphylococcus aureus, the other, ‘‘antinvasin IIT,” presumably occurring 
in plasma. 
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RIBONUCLEINASE 
II]. THE BEHAVIOR OF COPPER AND CALCIUM IN THE PURIFICATION 
OF NUCLEIC ACID AND THE EFFECT OF THESE AND OTHER 
REAGENTS ON THE ACTIVITY OF RIBONUCLEINASE 


By CHARLES A. ZITTLE 


(From The Biochemical Research Foundation, Newark, Delaware) 
(Received for publication, October 20, 1945) 


The reactivity of most commercial samples of nucleic acid with ribo- 
nucleinase was shown (1) to be approximately doubled by precipitation with 
5 volumes of acetic acid, 2n improvement which was due to the elimination 
of mononucleotides. In one instance, however, removal of the mononu- 
cleotides in this manner did not increase the activity. Copper has been 
reported (2) to be inhibitory to ribonucleinase and, since copper vessels 
are occasionally used in industry, the presence of this metal was suspected. 
Further investigation has confirmed the inhibitory effect of copper on ribo- 
nuclemase and shown that copper was present in the nucleic acid and that 
it accompanied almost quantitatively the acetic acid-insoluble high polymer 
nucleic acid. For this reason, the activity of the ribonucleinase with the 
precipitated nucleic acid was less than with the crude nucleic acid, 

With some samples of nucleic acid, added copper was not inhibitory until 
a certain concentration was exceeded. Further experiments suggested 
that the anti-copper factor might be an —-SH compound. Since copper is 
usually regarded as inhibitory to enzymes because of its reactivity with 
essential —-SH groups, other reagents that react with —-SH groups, ovxi- 
dizing agents, alkvlating agents, etc., were emploved with ribonucleinase. 
Several of these reagents were inhibitory. 

Calcium, variable amounts of which are contained in the crude nucleic 
acids, was also found to be concentrated by precipitation with acetic acid, 
but calcium was not inhibitory to ribonucleinase. Copper and zine were 


found to be much more inhibitory than numerous other metals studied, 


Procedure 


The activity of the ribonucleinase was determined by the manometric 
method (2), as in previous studies (1, 3). Crystalline ribonucleinase was 
used and the substrate ribonucleic acid was purified by precipitating with 
9 volumes of glacial acetic acid. The metallic substances whose effects 
on ribonucleinase were being studied were placed in the main part of the 
Warburg flasks with the nucleic acid and sodium bicarbonate, and the ribo- 
nucleinase was introduced from the side arm after equilibrium had been 
reached. The other substances under study were added to the enzyme in 
111 
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the side arm or in the main part of the flask and the nucleic acid was ¢ 
placed in the side arm. This procedure afforded time for interaction with t 
the enzyme before it was mixed with the substrate. fog 

The data confirming the inhibitory effect of copper (2) are shown in Fig. 1, oe 
Curve A. In view of this effect the copper contents of several nucleic V 
acids were determined. 0.5 gm. samples of nucleic acid were digested with a 


40 cc. of nitric acid and 10 cc. of sulfuric acid for about 10 hours; the digests t 
were heated to dryness, dissolved in 1:1 HC], dried again, and redissolved a 
inQ.6N HCl. These solutions were partly neutralized to the point at which .. 
a precipitate, presumably phosphate, started to form. The so- 
° | 
4 | | 
| 
U 20 RO ° 
a 
| 
40 |? ! 
_ ° 
| | ry 
| | | &——aa | 
| | | 
100 | | 


4 8 12 16 | 
MOLES x 10’ 


Fic.1. The effect of copper and zine on the activity of ribonucleinase. 140 mg. 
of nucleic acid were used as the substrate. The number of moles of copper or zinc 
indicated are contained in3.5ce. Curve A, effect of copper with nucleic acid, Sample 
EA». Curve B, effect of copper with nucleic acid, Sample EA;. Curve C, effect of T 


zine with nucleic acid, Sample EA,. Like data were obtained for Curves A and B | pe 

when the metals were added to the enzyme before mixing with the substrate. | ¢ 

lutions were clarified by centrifuging, the supernatant fluids adjusted to sin 

a volume of 25 ec., and 10 ce. aliquots taken for copper analysis by the a 
thiocyanate method (4). | 

The copper found in several commercial samples of nucleic acid betore ne 

and after precipitation with acetic acid is recorded in Table I, together with W: 

the reactivities of the nucleic acids with ribonucleinase. The samples cy 

(P and E)) that contained a small amount of copper on precipitation showed al 

4 a good increase in activity,! whereas those that contained larger amounts of ) 

d 1 Presumably the small amount of copper present was concentrated by precipita - 

tion and would have been inhibitory if the increase in reactivity due to the removal e 


| of mononucleotides had not predominated. 
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copper (Samples kK, and 8) showed negligible increase im activity. With 
the nucleic acids, Samples FE» and 3, a 2.6- to 2.8-fold increase in the copper 
eontent resulted from precipitation. Since the amount of nucleic acid 
recovered in this step was about 25 per cent, a 4-fold increase in the copper 
would be expected if all of the copper had accompanied the precipitate; 
according to the above data about 67 per cent of the copper accompanied 
the high polymer nucleic acid on precipitation. This was shown not to be 
a peculiar property of the copper contained in the nucleic acids, by adding 
copper sulfate to Sample E, before precipitation to make the total copper 
concentration 53 y per 100 mg. ‘The nucleic acid after precipitation (25 
per cent was recovered again) contained 131 y of copper per 100 mg. or 


TaBLe I 


Certain Properties of Nucleic Acid before and after Precipitation with Glacial 
Acetic Acid 


| Nucleic acid | Reactivity | 
Sample* of nucleic acid in | | Ash content 
| per cent | per 100 me. per cont per cont 
P, unprecipitated........... | | 4.5 | 12 0.64 11.6 
E;, 16.1 M4 
“ precipitated. ............ | 64 24.0 | 
“ precipitated............. 59 0.18 11.9" 
S, $4 0.15 14.7 
| 22 | 14.0 SS 0.47 12.5 


*These samples were obtained commercially: P, Pfanstiehl; E, Eastman; 5. 
Schwarz. 

+ In these measurements 180 mg. of the nucleic acid were used as the substrate 
The activity is expressed as ¢.mm. of CO, evolved per microgram of ribonucleinase 
per hour. 


63 per cent of the copper accompanied the precipitated nucleic acid. This 
increase in the copper content is sufficient to cancel out the increase in 
activity expected from the elimination of mononucleotides. 

In the copper analyses it was noted that if the digests were completely 
neutralized the precipitate which formed, thought to be caleium phosphate, 
was larger in the precipitated samples of nucleic acid than in the unpre- 
cipitated. To make the observation quantitative the digests described 
above were analyzed for calcium. The digests were adjusted to pH 3 to 4, « 
pH at which little or no calcium phosphate precipitated,? the calcium pre- 


*? The appearance or non-appearance of this precipitate was not considered import 
ant since it has been shown (5) that calcium phosphate readily changes to caleium 
Oxalate in the presence of ammonium oxalate. 
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cipitated with ammonium oxalate, and the precipitate of calcium oxalate 
titrated with standard permanganate. ‘The results obtained are shown in 
Table I. Comparison of the calcium content of the unprecipitated and 
precipitated nucleic acids, corrected for the amount of nucleic acid 
recovered, shows that the calcium accompanied almost quantitatively the 
high polymer nucleic acid. Other divalent ions may behave in the same 
way. The ash content (Table 1) may be determined by the ratio of mono- 
valent and divalent ions. When the calcium content was high (Sample 
P), the ash content of the precipitated nucleic acid was increased; when the 
calcium content was low amples Be and S) the ash content remained the 
same or decreased. The presence of calcium apparently had no effeet on 
the reactivity of the ribonucleinase with the nucleic acid since removal of the 
calcium with sodium oxalate did not affect the activity. 

Ribonucleinase was inhibited by copper with three samples (P, EAy, 
and IA3) of nucleic acid, as shown by Curve A (Sample EAg) of Fig, 1. 
With other samples of nucleic acid studied small concentrations of copp-r 
did not inhibit ribonucleinase. One of these (Sample F.A,) was studied over 
a wide range of copper concentrations (Curve B, Fig. 1) and it was found 
that after 1.1 &K 10~-° mole of copper was exceeded, the inhibition curve 
had about the same shape as Curve A. It should be noted that zine has 
heen about equally inhibitory to ribonucleinase with no zone of no inhibi- 
tion with all nucleic acids studied (Curve C, Tig. 1). 

Sulfhydry! compounds and pyrophosphate were considered as substances 
that might be interfering with the action of copper. It was found that 
an excess of cysteine (2.0 K 10-6 mole) prevented the action of 1.6 X 10 
mole of copper with nucleic acid Sample EA. but that the inhibition of the 
same amount of'aine was decreased only about 25 per cent. Since this 
experiment suggested that —-SH compounds were involved, an attempt 
was made to destroy the —SH compounds in a sample of nucleic acid (Sam- 
ple PL) by oxidation with H.O..4 This treatment did not change the re- 
activity of the nucleic acid with ribonucleinase and decreased the zone ol 
low inhibition only slightly (decreased from 1.6 to 1.2 X 1077 mole). The 
slope of the inhibition curve was not changed. 

Pyrophosphate (2.0 & 10-® mole) decreased the inhibitory effect of zine 
(1.6 & 10-° mole) on ribonucleinase about 30 per cent and had little or no 


’ The identity of curves was not found with all nucleic acids; the slope of Sample P 
was slightly less than that of Sample EA, (this difference was shown by zine with the 
same nucleic acids) and the curve for Sample PL (‘‘pool’’), which contained consider- 
able anticopper substance, was very flat. The significance of the different slopes is 
not apparent. 

4100 ce. of 10 per cent nucleic acid at pH 7.4 were slowly treated with 15 ce. of 3.0 
per cent H.O, at about 80°. This treatment bleached the solution from a dark brown 
toastraw color. The nucleic acid after standing 18 hours at 7° was precipitated with 
5 volumes of glacial acetic acid in the usual way. 


| 
mn 
he 
aC 
we 
im 
en 
in 
| rec 
| 0 
Is 
m 
an 
ha 
10 
10 
| eff 
ne 
| ch 
4 tes 
| en 
m¢ 
| tes 
i of 
M 
ha 
f ac 
q W 
In 
4 | 
en 
| tu 
4 the 
fer 
wit 


~ 


Cc. A. ZITTLE 


influence on the action of copper. This was not studied in greater detail 
because this small amount of pyrophosphate precipitated some of the nucleic 
acid and was shghtly inhibitory (about 8 per cent). These experiments 
were not conclusive, but it appears probable that an --SH compound is 
involved in the interference with the action of copper on ribonucleinase 
encountered with some samples of nucleic acid. 

The copper and zine enzyme-inhibition curves (Curves A, B, and ©) 
in Fig. 1 are essentially hyperbolic. In the case of Curve B the incomplete 
solubility of the basie carbonate of the metal, formed from the bicarbonate 
required in the test svstem, may be a contributing factor, although it was 
observed that the nucleic acid increased the solubility of the copper. This 


isnot a factor with inhibition Curves A and C; the shape of these curves is 


indicative of the formation of a dissociable compound between the metals 
and the enzyme (2). 

Other metals were tested on ribonucleinase in the usual way but none 
had verv much effect compared with copper and zine. Silver (1.0 
10-* mole, calculated from the solubility of the carbonate) caused less than 
10 per cent inhibition; mercuric chloride (2.0 K 10-* mole) had a negligible 
effect. Cobaltous, cadmium, and ferric chlorides (2.0 & 10-® mole) had a 
negligible effect on ribonuclemase; the same concentration of nickelous 
chloride exerted about 10 per cent inhibition. Phenylmercuric acetate 
tested in this manner had a negligible effect, but when in contact with the 
enzyme for about 30 minutes before mixing with the substrate, 2 « 10-° 
mole of this compound produced 25 per cent inhibition. Saturation of the 
test system with this compound gave 60 per cent inhibition. 

Oxidizing agents were tested because of their expected reaction with 
—SH groups which might be in the ribonucleinase molecule. The effect 
of arsenite and selenite on the activity of ribonucleinase was negligible. 
Maleic acid was not inhibitory. Saturation of the test system with evstine 
had no effect on the activity of the ribonucleinase. 

lodoacetate and iodoacetamide did not inhibit when placed with nucleic 
acid during the attainment of equilibrium, but were inhibitory (Fig. 2) 
when added to the ribonucleinase. These compounds are relatively slow 
in their action (6, 7). 


DISCUSSION 


Most enzyme studies have been handicapped by the use of an impure 
enzyme, whereas in the present studies the enzyme is pure but unfor- 
tunately the substrate is impure. The data in Table I for the copper and 
the calcium contents of unprecipitated and precipitated nucleic acid in- 


* These and subsequent data have been corrected for the CO, retained by the buf- 
fering capacity of the substances under test (1) and the experiments were performed 
with nucleic acids that contained no anti-copper factor. 
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dicate one of the difficulties that will be encountered in completely purify. 
ing nucleic acid and also serve to characterize the available material. 
Precipitation with 5 volumes of glacial acetic acid serves principally to 
eliminate the low polymer nucleic acid, the tetra- and mononucleotides 
(1); accordingly it can be concluded that the divalent copper and calcium 
are preferentially bound by the high polymer, multivalent fraction of the 
nucleic acid. 

Another component of interest in the nucleic acid is the substance which 
neutralizes the effect of copper to some extent. It may be a sulfhydry] 
compound but, if so, it is difficult to understand why it was not quantita- 
tively destroyed by H.Os. 


| 
z 
20 
: 
z 
B 
e 
x 
z 80 
100 
4 8 12 16 20 24 


MOLES xX 10’ 


Fic.2. The effect of iodoacetamide and iodoacetic acid on ribonucleinase. Curve 
A, iodoacetamide; Curve B, iodoacetate. 


Copper is the most inhibitory substance for ribonucleinase that has been 
encountered ; even so the amounts giving inhibition are large compared with 
the amount of ribonucleinase used in each experiment, namely 30 y, which 
equals 2.3 & 10~-% mole (8). This is a reflection of the degree of association 
between enzyme and copper. The hyperbolic inhibition curve indicates 
that a dissociable compound with the enzyme is involved. The mhibitory 
effect of silver on urease gives a curve (9) of this type, but in this case the 
degree of association is much greater, much less silver being required for 4 
comparable degree of inactivation. Silver, mereury, and other metals 
were not inhibitory to ribonucleinase under the same conditions. 

The relative effects of iodoacetamide and iodoacetate are contrary to the 
usual experience with these reagents; the former reacts more rapidly with 
—— SH compounds (7) and is more inhibitory to enzymes (7, 10); however, 
the iodoacetate is the more inhibitory to fermentation by living veast cells 
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and by a cell-free veast extract (7). The compounds used in the presen! 
experiments gave no iodine reaction with starch and reacted with cysteine 
to the same extent, 2s measured by the evolution of CO, trom 0.1 Mm NafiC® 
by the HI formed.  lodide, present to some extent imboth the compounds, 
was not inhibitory to ribonucleinase even when 1.0 & 10°* mole was used 
Asa further check on the reagents, their action on urease in jack bean mes! 
was determined manometrically (7). The results reported by others (7 
were obtained; the iodoacetamide was almost completely inhibitory and the 
iodoacetic acid only slightly inhibitory. It was considered that because 
of the basic nature of the ribonucleinase (isoelectric pomt = 7.8 (S)) an 
inactive salt might be formed with the iodoacetie acid, but this seems 
unlikely since trichloroacetate had a negligible effect on the ribonucleinase. 
A basic protein may be more reactive with the negatively charged iodo- 
acetate than with the iodoacetamide and, without information on this point. 
it cannot be concluded that groups other than --SH are involved in the 
inactivation of ribonucleinase. 
SUMMARY 

Copper and calcium, both present in commercial nucleic acids, aecom- 
panied the insoluble high polymer fraction when a nucleie acid solution was 
precipitated with acetic acid. Copper inhibited ribonucleinase, and when 
the amount of copper present in the crude nucleic ecid was relatively large 
it became noticeably inhibitory when the precipitated nucleic acid was used 
as the substrate for ribonucleinase. The presence of calcium apparent) 
had no effect on ribonutleinase. A substance was present in some lots of 
nucleic acid which prevented the inhibition of ribonucleinase by copper until 
a certain concentration of copper was exceeded. Copper and zine appar- 
ently inhibit by the formation of an inactive dissociable complex with the 
enzyme. Zine was aimost as inhibitory as copper; other metals tested had 
a negligible effect; phenvlmercuric acetate was inhibitory. lodoacetate 
and iodoacetamide, --SH! reagents, also inhibited ribonucleinase. Con- 
trary to the action of each on other enzymes, iodoacetic acid was more 
inhibitory than iodoacetamide. Arsenite, selenite, evstine, and maleic 
acid had no effect on ribonucleinase. 
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RIBONUCLEINASE 


IV. HYDROLYSIS OF RIBONUCLEIC ACID BY RIBONUCLEINASE AND BY 
SODIUAL HY DRONIDE 


By CHARLES A. ZITTLE 


(‘From The Biochemical Research Foundation, Newark, Delaware 
(Received for publication, October 20, 1945) 


In his thorough study of ribonucleinase Kunitz (1) observed that ribo- 
nucleic acid even after long digestion with an excess of enzyme was still 10 
to 15 per cent precipitable with glacial acetic acid and 60 per cent pre- 
cipitable with uranium acetate in trichloroacetic acid. It was surmised 
that this might be due to the presence of some modified nucleic acid which 
cannot be attacked by the enzyme. Loring and Carpenter (2) poimted out 
that the titration data of Allen and Ejler (3) were in agreement with the 
observation of IXunitz. Loring (4) subsequently confirmed and extended 
these findings and concluded that ribonucleic acid must contain at least 
two different tvpes of linkages, one of which is labile and one of which 
is resistant to the action of ribonucleinase. Our own studies (5) 
had shown that mononucleotides were inhibitory to ribonucleinase, and it 
was thought that the accumulation of mononucleotides might account for 
the incomplete digestion of ribonucleic acid. Studies reported herein in 
detail show that this cannot be the explanation. ‘To throw further light 
on this phenomenon the course of hydrolysis of ribonucleic acid by enzyme 
and by sodium hydroxide, measured by precipitation with uranium chlo- 
ride in trichloroacetic acid, has been studied, as well as the action of the 
enzyme on nucleic acid partially degraded by alkali and the action of alkali 
on nucleic acid digested by the enzyme. The observations support the 
suggestion by Loring (4) that mbonucleic acid contains two different types 
of linkages between mononucleotides, which, according to Gulland e¢ al. 
(6), might arise from nucleotide side chains to the main polynucleotide 
trunk. 


Procedure 


Commercial nucleic acids (free acid or sodium salt) were used as obtained 
or after purification by precipitation with 5 volumes of glacial acetic acid 
(7). Crystalline ribonucleinase was prepared, and its activity determined 
by the manometric method, as in previous studies (5, 7). 

Precipitation of Nucleic Acid and Mononucleotides by Uranium Chloride 
in Trichlorgacetic Acid—The nucleic acids were characterized by and the 
course of their hydrolysis followed by their precipitation with uranium 
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chloride in trichloroacetic acid. According to MacFadven (8), nucleic 
acid is completely precipitated by this reagent at pll 1.5 to 2.0, whereas 
the least soluble mononucleotides are precipitated only in the pH range of 
3.0to 7.0. In the beginning of the present studies this reagent was made 
up in the proportions used by Kunitz (1): 0.25 per cent uranium chloride 
in 2.5 per cent trichloroacetic acid. 1 per cent solutions of nucleic acid were 
used for precipitation; even when strongly alkaline solutions were pre- 
cipitated a final pH of 1.4 to 1.6 was obtained.! This procedure was satis- 
factory when only small amounts of mononucleotides were present. In the 
course of alkaline hydrolysis of nucleic acid, however, it was found that a 
constant amount of precipitate was obtained with the uranium chloride 
reagent which persisted during prolonged treatment with alkali. The 
precipitation of mononucleotides was suspected and this was confirmed in 
experiments of which the results in Table I are typical. 

These data show that the mononucleotides adenylic and guanylic acids 
are precipitated below pH 3.0 and that the pH range of 1.0 to 2.0 
is critical; guanylic acid remains in solution at pH 1.00 but would be com- 
pletely precipitated at pH 1.65; adenylic acid remains in solution at pH 
1.50 but is almost completely precipitated at pH 2.00. Essentially the 
same results were found with both Reagents 1 and 2. It appears also that 
the two acids precipitate independently (the precipitate from the 0.25 
per cent mixture at pH 1.50, for example, is largely accounted for by the 
guanylic acid expected to be precipitated at that pH) and that at the pH 
attained in our previous experiments (pH 1.4 to 1.6) only guanylic acid 
would have precipitated. It is of interest that in a complete hydrolysate 
of ribonucleic acid with alkali the residue that continued to precipitate 
with Reagent 1 is about 25 per cent of the nucleic acid, presumably the 
guanvlic acid. In the hydrolytic studies to be reported Reagent 1 was 
modified by increasing the trichloroacetic acid to 5 per cent and, as before, 
an equal volume was added to a 1 per cent concentration of nucleic acid or 
its hydrolysate. Under these conditions the alkaline hydrolysate men- 
tioned above gave a pH of 1.00 and no precipitate. 

Hydrolysis of Ribonucleic Acid by Ribonucleinase—The extent of the action 
of ribonucleinase on several samples of ribonucleic acid is shown in Table IL. 
The maximum hydrolysis (24 hours) was 23 to 33 per cent, almost all of 
which takes place in the first 2 hours. No further hydrolysis was obtained 
when additional enzyme was added to Sample EF), purified, at 20 hours. 
After hydrolysis the precipitate obtained with an equal volume of 0.5 N 
HCI is negligible (about 10 per cent of the uranium precipitate), but by 
adding alcohol as well, the amount of precipitate obtained is proportional 


1 The values throughout were measured with a Beckman glass electrode pH meter, 
laboratory mode! G, calibrated with a standard bufter. 
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to the alcohol added (1 to 3 volumes). For fractionation of the hydroly- 
sates an amount of alcohol was chosen which would give a weight of pre- 
cipitate equivalent to the uranium precipitate; this separated the high 
polymer fraction from the mononucleotides, as contirmed by subsequent 
test with the uranium reagent. This high polymer fraction was tested with 
ribonucleinase but no further hydrolysis occurred, measured by the amount 


TABLE I 


Precipitation of Mononucleotides (Adenylic and Guanylie Acids) hy Uranium Chloride: 
in Trichloroacetic Acid, As Function of pH 


Mononucleotide concentration® | agent Solution used to adjust pH pH of 
per cen 
0.25% each, adenylic and 1 0.5ec. 10° trichlo- 1.10 0 0 
guanylic acids roacetic acid 
1.25 0 0030 15.0 
0.2 ce. N NaOH 1S 
0.25°; adenylic acid ] 1.28 () 
l 0.2 ce. N NaOH () 
6.25% guanylic ‘‘ 1 1.25 10.0 
0.25°> each, adenylic and 2 1.05 0) 0) 
guanylic acids 


*The volume of solution and of reagent was 4.0 ce. in each case. 

t Reagent 1, 0.25 per cent uranium chloride in 2.5 per cent trichloroacetic acid 
(1);pH0.95. Reagent 2, 0.50 per cent uranium chloride in 4.0 per cent trichloroace 
tic acid (8); pH O.s0. 

} The precipitates after standing 15 minutes at 25° were sedimented in a centri 
fuge in tared tubes. The precipitate was spread in a thin laver over the inside of 
the ‘tube and dried at 70° for 16 hours. 

§ Based on the weight of the precipitate and the weight of mononucleotide 
The uranium precipitate (Reagent 1) of nucleic acid is about 30 per cent heavier 
than the nucleic acid and probably the stme would be true of the precipitate of 
the nucleotide. The maximum precipitable in this case would be expected to be 
130 per cent. 


of the uranium precipitate or manometrically. From this it was concluded 
that the accumulation of mononucleotides did not explain the termination 
of hydrolysis at the 23 to 33 per cent level. 

Hydrolysis of Ribonucleic Acid with Sodium Hydroxide—The nucleic 
acid was hydrolyzed in the following manner. 5.0 gm. of nucleic acid 
(equivalent to approximately 0.015 m of mononucleotides) were adjusted 
topH 7 in a volume of 84 ec. and 16.0 ec. of N NaOH were added. Under 
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these conditions the pH was relatively constant since the NaOH was jn 
excess. Immediately after addition of the alkali a 1.0 cc. sample was taken, 
diluted with 4.0 ce. of H.O, and 5.0 ce. of uranium reagent added; the pre- 
cipitate was collected and dried as before and weighed. Samples were 
taken at intervals thereafter. An experiment performed in this manner 
with the nucleic acid Sample EA, showed (Fig. 1) that hydrolysis was 
complete at 25° in 18 to 22 hours. Also shown in the same figure are re- 
sults with another sample of nucleic acid, ‘‘pool” (this was a pool of several 
samples which was purified by precipitation with acetic acid). The shape 


TABLE II 
Hydrolysis of Ribonucleic Acid with Ribonucleinase 


| 
\Decrease in weight of 
Sample* Reactivity measured Weight of ppt. before) by 


manometricallyt hydrolysis? | hydrolysis§ 

c.mm. perl vy per ir. cm. | per cent 

purified 24.0 065 | 23.1 
25.6 33.1 
purified 28.1 0.083 32.0 
NaOH -treated 11.3 32.4 
9 04S 29.2 


A;, purified, NaOH -treated 12. 


* The samples were obtained from the following sources and treated as indi- 
eated: E,, kastman, free acid. purified; EA., Eimer and Amend, sodium salt; EA; 
Kimer and Amend, free acid, purified; streptococcus, isolated from hemolytic strep- 
tocoecus (9); NaOQH-treated and EA;, purified, NaOH-treated; these prepara- 
tions were partially hydrolyzed with NaOH, as described in the text, Sample EA; 
for 0.5 hour, Sample FA,, purified, for 2.0 hours. Additional data for these last 
two preparations are given in Table IIT. 

+ 185 mg. of nucleic acid and 30 y of ribonucleinase in a volume of 3.5 cc. at pH 
7.5 and 37° (5, 7). 

t Weight of precipitate from 5.0 ec. of 1 per cent solution and 5.0 ec. of uranium 
reagent at 25°. 

§ 1 per cent solutions of nucleic acid were hydrolyzed at pH 7.5 and 25° for 24 
hours with the ratio of enzyme to substrate 1:1000. 


of this curve will be discussed later. Shown in the same figure is the course 
of hydrolysis of the fraction of Sample EA, recovered, after maximum hy- 
drolvsis with ribonucleinase, by precipitation with HCl and alcohol, as 
described earlier. It is clear that this residue is more slowly hydrolyzed 
than the original nucleic acid. 

Similar experiments performed with the nucleic acid, Sample EAs, 
purified, are recorded in Fig. 2. Hydrolysis of this nucleic acid is much 
slower than of Sample EA; and it is not significantly altered by the presence 
of 0.3 m NaCl; nor was it changed by reprecipitation with HCI and alcohol 
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(same as the procedure used to recover the ribonucleinase-hydrolyzed nu- 
cleic acid). Sample EAs, unpurified, of nucleic acid is more slowly hydro- 
lyzed than Sample EA;, purified, suggesting that if a contaminating 
substance is slowing the hydrolysis it may be reduced in amount by pre- 
cipitation with acetic acid. The fraction of Sample EAs, purified, of nucleic 
acid recovered after hydrolysis with ribonucleinase is more slowly hydro- 
lyzed than the parent nucleic acid, in this respect being similar to Sample E.A». 
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Fic. 1. The course of hydrolysis of ribonucleic acid by sodium hydroxide measured 
by the precipitate obtained with the uranium reagent. The weights of the preeip- 
itates are adjusted to the same initial weight of precipitate as Sample EA,. O, @. 
nucleic acid Sample EA;; +, nucleic acid ‘‘pool’’; *, nucleic acid fraction recovered 
from Sample EA, after hydrolysis with ribonucleinase. 


Hydrolysis by Ribonucleinase of Nucleic Acid Partially Degraded by Sodium 
Hydroxide—With the data in Figs. 1 and 2 as guide partial hydrolysates of 
the nucleic acids, Samples EA: and EAs, purified, were prepared, neutral- 
ized, and tested manometrically with ribonucleinase. Pertinent data given 
in Table III show that, although the extent of hydrolysis performed with 
sodium hydroxide equals (Sample EAs, purified) or exceeds (Sample EA,) 
the maximum obtained with ribonucleinase, the residue is still quite re- 
active with this enzyme. Furthermore, the data in Table II show that 
these degraded nucleic acids are hydrolyzed by ribonucleinase to the same 
degree as the original nucleic acids. 
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Fic.2. The course of hydrolysis of ribonucleic acid by sodium hydroxide measured 
by the precipitate obtained with the uranium reagent. The weights of the precip- 
itates are adjusted to the same initial weight of precipitate as Sample EA; , pur- 
ied. +, nucleic acid EA; , unpurified; O, @, nucleic acid, Sample EA; , purified; 
A, nucleic acid, Sample EA; , purified, with 0.3 « NaCl present; 0, nucleic acid, 
Sample EA; , purified, after precipitation with HCI and alcohol; X, nucleic acid frac- 
tion recovered from Sample EA; , purified, after hydrolysis with ribonucleinase; 

@, nucleic acid Sample EA. . See Fig. 1 for full curve. 


III 
Action of Ribonucleinase on Nucleic Acid Partially Hydrolyzed by Sodium H ydrozide 


| Relative reactivity Ratio of per cent 
Sample ' Unhydrolyzed* | with ribo- unhydrolyzed to 
| Ars. per cent - | per cent 

0.5 | A | 44 1.23 

1.0 | 37 | 24 1.54 

A3, purified 2.0 | 72 | 46 | 1.57 

3.8 67 | 31 a 


* Measured by the amount of precipitate obtained with the uranium reagent. 

+ Calculated as per cent of the reactivity of the original nucleic acid (100 mg.). 
The NaCl resulting from neutralization of the NaOH has no effect on the activity of 
the ribonucleinase. 
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DISCUSSION 

The experiments with uranium chloride in trichloroacetic acid indicate 
that this reagent should be used at or below pH 1.00 to prevent the pre- 
cipitation of mononucleotides; at pH 1.05 to 1.65 the principal mononu- 
cleotide precipitating would be guanylic acid. Use of this reagent in the 
past (1, 8) has been in most cases under conditions that would meet the 
above pH requirement. In some cases (5, 7) the soluble nucleic acid 
fraction (mononucleotides) was probably low by the amount of guanylic 
acid precipitated. 

The hydrolysis curve of the ‘‘pool” nucleic acid (Fig. 1) appears to in- 
dicate the presence in the hydrolvsate of a fraction other than nucleic 
acid that is precipitable by the uranium reagent; the pH of the hydrolysate 
and the pH when mixed with the uranium reagent were satisfactory. The 
presence of protein was suspected but tests for it were negative. Some 
contaminating material may cause the mononucleotides to precipitate. 
The streptococcus nucleic acid (Table I1) was known to contain protein 
(9); after hvdrolvsis with alkali it gave a precipitate with the uranium rea- 
gent of 0.009 gm., which might be protein. The correction by this amount 
of the hydrolysis data for this nucleic acid in Table Il would only change 
the per cent hydrolyzed from 28.9 to 34.9. 

The hydrolysis of Sample EA, purified (Fig. 2), was much slower than 
of Sample EAs, although performed under the same conditions. These 
two nucleic acids were about equally reactive with mbonucleinase when 
tested manometrically (Table I1); hence the difference was not due to a 
difference in polymer size; nor could the difference be due to a difference in 
the composition of the precipitates, since the reactivity of the residue with 
ribonucleinase was what one might predict from the hydrolysis measured; 
nor did the difference in behavior reside in a difference in salt content as 
shown by the addition of NaCl to Sample EAs, purified. It should be 
pointed out that solutions of Sample F.A; were very much darker than of 
Sample EA,. Since Sample EAs, unpurified, was more slowly hydrolyzed 
than Sample EA;, purified, precipitation with acetic acid may have elimi- 
nated some material slowing the hydrolvsis. 

Previous experiments (10) had shown that treatment of ribonucleic acid 
with HO, greatly reduced the color present but did not change the reactivity 
With enzyme nor precipitability with acid. The nucleic acid Sample EA; 
was treated in this manner with the thought that, if the dark colored sub- 
stances were affecting the rate of hydrolysis, change of their character by 
oxidation might cause a change in the rate of hydrolysis. The hydrolysis 
curve of the treated product, however, was identical with that for Sample 
EAs, purified, shown in Fig. 2. This interesting difference in rate of hy- 
drolysis with alkali which has been observed before (11, 12) apparently does 
not affect the hydrolysis by ribonucleinase (Table IT). 
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The precipitation of Sample EAs, purified, with HCl and alcohol did 
not improve its hydrolysis. This latter experiment was also useful ip 
interpreting the hydrolysis by alkali of the ribonucleinase-hydrolyzed nuy- 
cleic acid, since this was the procedure used in its recovery. Both Samples 
UA, and EAs, purified, after ribonucleinase hydrolysis were more slowly 
hydrolyzed by sodium hydroxide. The interpretation of this finding is 
not apparent but the data support the hypothesis that two different types 
of bonds between mononucleotides exist in ribonucleic acid. The strongest 
evidence for this conclusion, however, was given by the data for the action 
of ribonucleinase on nucleic acid partially degraded by sodium hydroxide 
(Table IIT). If the linkages between mononucleotides were all alike, some 
factor like the size of the nucleic acid molecules would necessarily have to 
be critical in limiting the extent of enzyme hydrolysis. The experiments in 
Table TTI show that this cannot be true, for the hydrolysis performed with 
sodium hydroxide exceeded the maximum produced by the enzyme and 
vet these degraded nucleic acids were still acted upon by ribonucleinase. 
Further, these alkali-degraded nucleic acids were still hydrolyzed by ribo- 
nucleinase to the same extent (Table I1) as the highly polymerized nucleic 
acids. ‘The increase in the ratio of per cent unhyvdrolyzed to per cent re- 
activity probably reflects the accumulation of the inhibiting mononucleo- 
tides (5) and the less reactive tetranucleotides. 


SUMMARY 


The course of hydrolysis of ribonucleic acid was measured by precipita- 
tion of the unhydrolvzed nucleic acid with uranium chloride in trichloro- 
acetic acid; the optimum pl for the use of this reagent was shown to lie 
at or below pH 1.00. The incomplete hvdrolvsis of ribonucleic acid by 
ribonucleinase was confirmed and hydrolysis was found not to be increased 
by the removal of the hydrolytic products, the mononucleotides. Astrepto- 
coecus ribonucleic acid was incompletely hydrolyzed to the same degree 
as the yeast ribonucleic acid with which these observations were made. 
Hydrolysis of ribonucleic acid by sodium hydroxide (0.16 N) at 25° was 
complete in 18 to 22 hours under favorable conditions; some samples oi 
nucleic acid were not hydrolyzed in this time. Ribonucleic acid that had 
been hydrolyzed with sodium hydroxide to an extent that exceeded the 
maximum obtained with ribonucleinase was still quite reactive with the 
enzyme. Ribonucleic acid subjected to maximum hydrolysis with mbo- 
nucleinase was more slowly hydrolyzed with sodium hydroxide than the 
parent nucleic acid. 
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THE MICROBIOLOGICAL DETERMINATION OF CERTAIN 
FREE AMINO ACTDsS IN HUMAN AND DOG PLASMA 


By STANLEY W. HIER ann OLAF BERGEIM 


(From the Department of Biological Chemistry, College of Medicine, University of 
Iilinois, and the Research Laboratories, The Wilson Laboratories, Chicago) 


(Received for publication, January 12, 1946) 


In a previous paper (1) we have reported on the application of micro- 
biological amino acid assay procedures to the determination of free leucine, 
isoleucine, valine, and threonine in dog plasma. Dunn ef al. (2), using a 
microbiological method, have determined the free tryptophane content of 
human plasma. We have further extended these methods to the determi- 
nation of free arginine, histidine, isoleucine, leucine, lysine, phenylalanine, 
threonine, tryptophane, tyrosine, and valine in plasma samples from norma) 
human subjects. In addition, the amounts of these amino acids present 
in dog plasma, not previously reported, are also presented. 


EXPERIMENTAL 
Methods 


The human subjects were volunteer freshman medical and dental stu- 
dents who fasted for 18 hours previous to removal of the 50 ec. blood sample 
used for the test. Clotting was prevented by the use of heparin. The 
dogs used were mongrels of both sexes fasted 24 hours previous to sampling. 


TAaBLe I 


Recovery of Arginine, Histidine, Lysine, Phenylalanine, and Tyrosine Added to Plasma 
Previous to Precipitation of Protein 


Arginine | Histidine Lysine Phenylalanine Tyrosine 
plasma | plasma BZ 3 | Be BR 
| lm j< alm Sim aim x 
25.8 39.0 101 13.2 8.6 85 15.510.0 98 9.037.5 S4 7.5 8.0121 
23.1 | 18.0 | 92 11.1) 8.6100 29.0 9.0120 7.5 9.0104 7.2 8.6118 
37.5 | 28.6 121 10.5, 7.5115 [24.014.3 89 11.910.7113 13.8 8.6100 
27.0 21.4 105 | 9.3) 8.6104 31.514.3 72 14.314.3 93 10.2 7.5100 
28.8 18.8 | 92 (11.7) 8.6 91 (19.5)12.1116 (12.3 9.4109 8.7 8.6 89 
Mean.........| 102 a9 a9 101 106 
12.4 10.4 19.3 5.8 7.8 
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FREE AMINO ACIDS IN PLASMA 


TABLE II 


Free Amino Acid Content of Plasma from Normal Human Subjects 


teported as micrograms of amino acid per ec. of plasma. 


Sub- | = Total 
| | | acids 
Males 

"1 | 87 | 26.7 | 11.7 | 20.7 | 25.7 | 30.0 | 12.5 | 10.5 | 17.1 | 36.0 | 
2 19 19.8 | 13.5 | 16.0 | 18.5 | 28.4 | 11.4 | 31.5 | 10.2 | 12.0 | 26.7 | 188.9 

3 | 26 | 22.2 | 11.4 | 14.3 | 16.6 | 23.9 | 11.1 | | 9.6 | 11.4 | 32.7 | 
4 20/ 18.3 11.1 | 15.2 | 19.4 | 27.0 | 10.7 | 18.8 | 8.7 | 11.7 | 26.3 | 167.2 

5 | 17 15.6! 11.5 | 15.0 | 16.6 | 20.0| 9.3 | 10.2 | 12.9 | 28.5 
6 19 30.3 12.0 16.8 18.6 36.8 | 14.6 | 22.4 | 12.9 | 15.3 | 27.3 | 207.0 

7 | 181! 19.2 | 14.4 | 13.7 | 20.9 | 24.0 | 13.7 | | 9.9 | 12.0 | 25.7 | 
| 30 | 14.1 | 11.4 | 13.2 | 18.9 | 22.4] 11.6 | 12.8] 9.3 | 13.2 | 27.2} 184.1 
10 | 20 | 15.6 | 13.5 | 17.3 | 22.9 | 25.0 | 10.7 | 13.4] 9.3} 12.6 | 28.2 | 168.5 

11 | 20 | 17.4 | 12.6 | 19.5 | 20.4 | 23.0 | 10.7 | | | 

12 24 15.0} 12.5) 16.0 | 28.4 | 10.5 | 18.6 15.9 | 22.5 | 
13° 20 26.4 15.3) 20.1 32.6 16.9 22.2 15.6 10.5 30.6 | 204.9 
15 27 | 20.4 | 17.1 | 18.6 | 23.1 | 35.8 | 14.7 | 16.2 | 12.9 | 12.3 | 29.3 | 200.4 
16 28 33.6 16.5 14.3 19.2 36.0) 14.3 19.6 13.2 15.6 | 29.6! 211.9 
24 | 21 | 32.1 16.5 | 19.7 | 19.2 | 34.0 | 20.0 | 22.8 | 11.1 | 24.6 | 30.5 | 230.5 
25 20 | 28.5 21.0 | 23.3 | 27.8 | 36.2 | 20.6 | 23.9 | 12.9 | 18.6 | 33.0 | 245.8 
26 19 | 20.7 | 18.0 ; 17.3 | 20.6 | 27.5 | 12.3 | 24.5 | 10.2 | 14.4 | 27.0 | 192.5 
27 18 | 22.5 | 15.3 | 22.5 | 22.6 | 31.7 | 14.7 | 23.7 | 12.0 | 19.8 | 28.9 | 213.6 
28 | 21 | 36.9 | 18.5 | 22.5 | 20.0 | 36.9 | 17.1 | 27.0 | 10.5 | 20.1 | 37.4 | 241.9 
29 | 22 | 32.1 | 12.9 | 18.9 | 17.3 | 28.2 | 18.2 | 20.3 | 14.1 | 20.7 | 27.9 | 210.6 
31 19 21.6 15.3 12.3 21.0 | 32.3 | 18.5 | 22.2) 6.9 | 15.9 | 28.8 | 194.8 
32 | 20 | 20.7 "13.5 | 13.8 | 16.5 | 30.3 | 12.6 | 21.3 | 7.5 | 15.0 | 28.5 | 179.7 
33:19 24.6 14.7 14.9 18.5 | 28.8 | 16.7 | 20.6 | 12.0 15.6 | 28.5 | 194.9 
34 | 26 | 23.1 13.8 12.8 26.4 | 33.0 14.7 12.9 12.0 12.0) 24.8 | 185.5 
Mean...| 23.2 14.2 | 16.6 | 20.3 | 29.7 | 14.0 | 20.8 | 11.1 15.0 | 28.9 | 199.5 
S.D.. 6.4/ 2.4; 3.4) 36/ 4.6/ 3.5/ 3.7) 

Females 

9 26 | 21.9 | 14.4 | 12.8 | 14.7 | 28.2 | 12.5 | 15.9 | 12.3 | 12.3 | 25.4 | 170.4 
14. 18 | 21.6 | 13.8 | 12.8 14.0 24.8 12.0 21.0 10.8 | 17.1 | 24.3 172.2 
17-26 12.8 15.8 26.7 | 10.7 19.4 9.3 | 10.8 | 26.4 | 170.8 
18 | 34 21.6 13.5 13.0 15.5 | 26.1} 9.6 24.6) 9.9 8.7 | 26.4 | 168.9 
19 25 14.1) 13.5 17.1 | 27.8) 10.0, 11.1) 10.8 9.0 | 23.3 | 150.2 
20 | 18 | 22.5) 12.3 14.0; 12.6 | 25.8 | 10.5 | 15.6 | 7.8 | 13.2 | 25.2 | 158.5 
22 24 24.3) 16.5 18.0 | 35.1 | 15.7 23.3 8.4 | 18.9 | 32.0 | 205.7 
23 30) 32.4 14.1.) 15.5) 18.8 33.8 | 18.6 18.6 8.7 19.5 | 25.2 | 205.2 
30 21) 15.3 16.2 16.0 31.5 15.8 20.6 9.9 18.3 | 32.6 | 209.5 
Mean.. 23.9 14.0 14.1) 15.8 28.9 12.8 18.9 9.8 14.2 | 26.7 | 179.1 
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TaBLeE II—Concluded 


Recapitulation for all subjects 


Mean.. | 23.4 14. 


19.1 29.5 13.8 20.2 10.8 14.8 28.3 192.8 
5 


3.1 3.4 4.2 3.2 4.< 3.7 3.4 24. 


The preparation of the plasma and of the tungstice acid filtrates was 
carried out as previously described (1). The basal media and organisms 
for the assay of arginine, histidine, isoleucine, leucine, lysine, phenylalanine, 
threonine, tyrosine, and valine were the same as described by Hier ¢f al. (3). 
Only 1.0 ce. of basal medium was added to each tube. After the addition 
of standard and unknown solutions the final volume was adjusted to 2.0 ee. 
In other details the procedure previously described (1, 3) was followed. 
Tryptophane values were obtained by use of the procedure of Dunn ¢/ a/. (2). 

Recovery and Reproducihility Experiments—The quantitative nature of 
the procedures applied to the determination of leucine, isoleucine, valine, 
and threonine in plasma has previously been shown (1) by means of re- 
covery and reproducibility experiments. Similar tests were applied to the 
determination of arginine, histidine, lvsine, phenylalanine, and tyrosine. 
The amino acids to be recovered were added in solution to the plasma pre- 
vious to precipitation with sodium tungstate and the amount of water 
added was reduced accordingly to maintain a 1:3 ratio between the plasma 
and filtrate. Table I shows that recoveries were satisfactory for all of the 
amino acids studied. 

Duplicate assays made on the same tungstic acid filtrate samples in- 
dicated that values were reproducible to within +10 per cent of the mean. 

Amino Acid Content of Human Plasma—The results of assays for ten 
free amino acids in plasma from twenty-four normal males and nine norma! 
females are shown in Table II. It may be seen by observation and demon- 
strated statistically that there is no significant difference between the mean 
values for males and females. Our value of I1.1 y per ce. for tryptophane 
in male subjects agrees extremely well with the value of 1.14 me. per cent 
(11.4 y per ce.) reported by Dunn ef a/. (2). 

Amino Acid Content of Dog Plasma—The tree arginine, histidine, lysine, 
phenylalanine, tryptophane, and tyrosine contents of plasma from mongrel 
dogs are shown in Table III. Leucine, isoleucine, valine, and threonine 
values have previously been reported (1). 


DISCUSSION 


The average amounts of arginine, histidine, lysine, phenylalanine, ty- 
rosine, and tryptophane found in dog plasma (Table IIT) are substantially 
the same as the average values for human subjects (Table [[). The values 
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for leucine, isoleucine, valine, and threonine in dog plasma previously re. 
ported (1) (20.9, 13.1, 22.2, and 25.8 y per cc. respectively) are also quite 
close to the values reported in this paper for human subjects (Table IJ), 
In an effort to determine whether the individual free amino acids vary 
with the total amount of free amino acids, each amino acid was calculated 
in terms of per cent of the total amount of the ten amino acids determined 
in plasma. ‘These values are shown in Table LV. The size of the standard 
deviations in relation to the mean indicates that, while the range of values 
is fairly characteristic for each amino acid, the level of any one amino acid 
may vary within the normal range from subject to subject independently 
of the total amount of amino acids. Isoleucine, histidine, and phenylala- 


TaBLe III 
Free Amino Acid Content of Plasma from Fasted Normal Dogs 
Reported as micrograms of amino acid per cc. of plasma. 


Dog No. | Arginine | Histidine Lysine — Tryptophane Tyrosine 
1 25.8 15.8 9.0 7.5 
2 29.0 7.5 

3 13.2 24.0 11.9 7.2 

4 37.5 11.1 31.5 14.3 13.8 

5 |. 05 19.5 12.3 10.2 

6 27.0 9.3 24.0 10.0 9.1 4.5 

7 28.8 15.0 18.0 76 8.7 

S 48.0 12.9 35.0 15.2 9.6 19.8 

9 12.5 13.2 15.3 

11 |. | | M2 

12 36.9 14.4 | 28.0 8.6 | 10.2 | 10.2 
Mean 32.7 wal 468 10.6 


nine may be exceptions to this, since they appear to be more closely related 
to the total. | 

In Table V a comparison is made between the mean values for the per 
cent that each amino acid makes up of the total amount of the ten amino 


acids determined in plasma (from Table IV), with similar figures calculated _ 


from the amounts of the ten amino acids present in various animal proteins. 
With the exception of tryptophane,! the original values for beef muscle 


i The tryptophane values are calculated from unpublished data, kindly supplied by 
Dr. C. E. Graham of The Wilson Laboratories, determined by a modification of the 
Bates method (Bates, R. W., Proc. Am. Soc. Biol. Chem., J. Biol. Chem., 119, p. vu 


(1937)). 
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protein, bovine plasma protein, bovine serum albumin, bovine fibrin. and 
casein were reported by Hier ef a/. (3). The data for porcine liver protein 
and bovine hemoglobin ‘were obtained by similar methods but are un- 


published. 


TaBLe IV 


Concentration of Each Free Amino Acid Expressed as Per Cent of Total Ten Amino 
Acids Determined 


i 


Phenyl- Threo- Trypto- Tyro- 


Subject No. | Arginine <4 Leucine Lysine sianine nine phane sine Valine 
{| 00.5 | 7.2 |8.5 | 9.8 | 16.1 6.2 | 10.8 | 66 164 | 
4 11.0 | 6.6 | 9.1 (11.6 | 16.2 6.4 | 11.3 5.2 7.0 | 18.8 
6 4.2458 (90 | 12241 22.) 6.3 | 7.4 13.2 
Ss 9.1 | 7.4 8.6 (12.2 14.5 7.9 S.3 6.0 S.6 17 .6 
9 12.8 | 8.4 | 7.5 | 8.6 | 16.5 7.2 9.3 7.2172 M9 
0 | 9.2 | 8.0 (18.6 | 144.8! 6.3 7.9 | 16.7 
| 12.5/8.0 |7.8 | 8.1 | 14.4] 7.0 | 19.2 | 63 19.0 | 14.1 
| 10.2 | 8.8 | 9.3 (11.6 | 17.9 | 7.4 6.56 | 14.7 
086.178 16.7 19.12 17.0 6.8 9.3 6.4 | 7.4 14.0 
2.918.686 17.8 | 166 6.4 | §.4 (63 | 18.4 
| 12.8 |7.7 |9.2 | 18.5.) 5.7 114.6 | $.9 14.8 | 18.6 
6 «68.9 /9.3 | 8.9 11.3 | 18.38] 7.4 7.2 60 | 15.4 
20 14.1 /|7.7 |7.9 | 162) 66 9.8 | 4.9/8.3 | 18.8 
22 1.8 |6.6 | 8.3 | 8.8 | 17.) | 7.6 | 21.3 4.1 69.2 | 18.6 
23 5.3/6.9 |7.5 |9.2 | 165! 9.1 | 91 | 4.2/9.8 | 12.3 
24 | 13.9 | 7.2 (8.5 (8.3 | 14.7 | 8.7 9.9 4.8 (10.7 13.2 
2 | 1.3/8.6 (9.6 (11.3 | 14.7/ 8.3 a8 §.3 (7.8 | 18.4 
26 | 10.7 | 9.2 | 9.0 (10.8 14.3 6.4 | 12.7 §.3 | 7.8 14.0 
7 | 10.5 | 7.2 |10.5 (10.5 | 14.8 6.9 | 11.1 | 6.6 19.8 | 18.8 
3 | 14.8 | 5.6 | 9.3 | 8.3 15.3 | 7.1 | 11.2 4.4 | 8.3 15.5 
29 15.2 | 6.1 | 8.1 | 12.9] 8.6 | 9.6 | 6.7/9.8 | 13.2 
| 15.9 |7.3 47.8 | 7.7 | 18.0! 7.6 | 10.0 4.7 | 8.7 | 18.6 
1 16.6 | 9.5 | 11.8 3.5 8.2 14.8 
7S. 177 16.9 | 7.0 | 11.8 4.2 | 8.4 15.8 
3 12.617.5 |7.6 | 14.8! 8.6 | 10.6 | 6.1 |8.0'| 18.2 
Mean.....| 12:4 |7.6 |8.3 (9.9 | 15.8 7.4 |10.5 | 86 | 14.3 
S.D........| 2.13) 0.40 0.58 1.68 2.43) 0.66) 2.14) 1.15 1.25 2.74 


= 


It may be seen from Table V that there is rather good agreement bet ween 
the pattern of amino acids in beef muscle protein and that of free amino 
acids in plasma. The only large differences occur in the case of tryptophane 
and leucine. The pattern in plasma proteins is also similar, while that of 
liver protein, serum albumin, fibrin, hemoglobin, and casein shows con- 
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siderable variance. This may indicate a relationship between the free 
amino acids of the plasma and the protein of plasma and muscle. A_ pos. 
sible relationship to particular protein fractions of other tissues is, of course, 
not excluded. 

Although we do not present data for human proteins, we believe it rea- 
sonable to compare the pattern of free amino acids in human plasma with 
the amino acid pattern of bovine and porcine proteins and to assume that 
the same relationships hold true for human proteins. Beach et al. (4) have 
shown that mammalian muscle tissues of various species are very similar in 
amino acid composition, while Block and Bolling (5) report amino acid 


TABLE V 
Comparison of Pattern of Free Amino Acids in Plasma with Pattern of Amino Acids in 
Various Animal Proteins 
Each amino acid is calculated as the per cent of the total of the ten amino acids 
determined. 


| hay Bovine | Bovine ‘Porcine Bovine Bovine | Bovine 
Amino acid acids in muscle} plasma’ liver | serum | fibrin | | Casein 

human protein’ protein. protein albumin, globin 

plasma | | | | 

7.6 6.7, 4.1; 6.1) 3.9) 9.5) 49 
8.2 | 10.2; 6.1) 12.41 0.4} 
7 9.9 14.6) 15.8 | 19.2 | 16.8 | 12.2 | 24.6 | 17.7 
RN 15.8 | 15.0 | 19.0! 11.4 | 18.3 | 15.0 | 17.3 | 14.2 
Phenylalanine............ 74) BB) 747 
78 | 78) 6B) 7711061 
14.7 | 14.7 | 13.0 11.8 | 16.8 | 9.7 | 18.7 | 18.3 


values indicating the close similarity between human and beef serum 
proteins. 


SUMMARY 


Microbiological procedures for the determination of free amino acids in 
plasma are described and evidence for the reproducibility and validity of 
the values is presented. Values are reported for the amounts of arginine 
(23.4 + 6.2 y per ec.), histidine (14.2 + 1.8 y per cc.), isoleucine (16.0 + 
3.1 y per ec.), leucine (19.1 + 3.4 y per ec.), lysine (29.5 + 4.2 y per cc.), 
phenylalanine (13.8 + 3.2 y per cc.), threonine (20.2 + 4.5 y per ce.), 
tryptophane (10.8 + 2.1 y per ec.), tyrosine (14.8 + 3.7 y per cc.), and 
valine (28.3 + 3.4 y per cc.) present in the free state in normal human 
plasma. No significant differences between values for males and females 
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were found. The amounts of free arginine, histidine. lysine, phenylalanine, 
tryptophane, and tyrosine in dog plasma are also reported. 
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l-HYDROXY ACID OXIDASE 


By M. BLANCHARD, D. E. GREEN,* V. NOCITO-CARROLL, ano 
Ss. RATNER 


(From Departments of Medicine and Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, January 10, 1946) 


In previous communications (1-4) the properties and isolation of the 
l-amino acid oxidase of rat kidney were described. Quite accidentally, it 
was found that solutions of the enzyme were able to catalyze the oxidation 
of -hydroxy acids, and further study disclosed that this ability ran paralle| 
with ]-amino acid oxidase activity from the first crude extract to the final 
electrophoretically homogeneous preparation of the enzyme. The experi- 
ments which are reported below support the view that the same enzyme 
exercises these two catalytic functions and that the same prosthetic group 
and active groups are involved in both cases. In a sense, the enzyme is 
incapable of distinguishing between an amino acid and a hydroxy acid of the 
series. 

There are present in practically all animal tissues enzymes such as the 
lactic and malic dehydrogenases which specifically oxidize certain /-hydroxy 
acids. These enzymes can be distinguished from the Lhydroxy acid 
oxidase in two respects: they are specific for only one hydroxy acid and they 
specifically require diphosphopyridine nucleotide as oxidizing agent (5). 
By contrast, the enzyme isolated from rat kidney oxidizes a large variety of 
-a-hydroxy acids, does not require or react with diphosphopyridine nucleo- 
tide, and contains flavin monophosphate as prosthetic group. It is clear 
that the enzyme is distinct from other hydroxy acid oxidizing systems. 
Thus far hydroxy acid oxidase activity has been found only in conjunction 
with amino acid oxidase activity. The structural analogy between the 
a-amino and a-hydroxy acids makes it appear very probable that the 
mechanism of oxidation, involving the amino or hydroxyl hydrogen as well 
as the hydrogen attached to the a-carbon atom, is the same in both classes 
of substrates. This is borne out by the fact that a-hydroxyisobutyrie acid, 
which has no hydrogen on the a-carbon atom, is not oxidized. 

It was of interest to determine whether the d-amino acid oxidase of 
animal tissues was also active towards thed isomers of the a-hydroxy acids. 
Using the enzyme from pig kidney, we have tested dl-lactate and dl- 
hydroxy caproate, with negative results. Apparently the ability to 
oxidize hydroxy acids is not a general property of amino acid oxidases. 

*This investigation was supported by funds from the Rockefeller Foundation, 


the John and Mary R. Markle Foundation, and the Williams-Waterman Fund of the 
Research Corporation. 
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It has not yet been possible to demonstrate the reversibility of the gq. 
hydroxy or a-amino acid functions of the /-amino acid oxidase. If the 
action of the /-amino acid oxidase were reversible, it would be possible to 
account for the transformation in vivo of certain natural amino acids into 
hydroxy acids, as reported in the older literature (6). This transformation 
could be explained simply in terms of the oxidation of amino acids to keto 
acids and the reduction of these keto acids to their corresponding hydroxy 
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bic. 1. The rate of oxidation of lactate as a function of time. The following addi- 
tions were made in the manometer vessels: 0.5 cc. of enzyme solution, 0.2 ec. of ® 
per cent d/-lactate, 0.5 ce. of catalase solution, 1.0 cc. of 0.5 M phosphate buffer of pH 
S.0, final volume 3.0 ce. at 38°; air in gas space; alkali in center well. 


acids. The observation of Neubauer that the feeding of phenylglyoxylic 
acid leads to the excretion of the natural isomer of phenylglvcolic acid (6) 
may also be accounted for on the same basis. 

Preparation and Testing of the Enzyme—The details of the preparation are 
identical with those previously reported for the /-amino acid oxidase. The 
action of the enzyme can be followed aerobically in Warburg manometers or 
anaerobically in Thunberg tubes. The experimental conditions for those 
measurements can be found in previous communications (2, 4). 
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Kinetics—In presence ot lactate and catalase the enzyme takes up oxygen 
linearly for about 30 minutes and then the rate gradually falls off (ef. Fig. 
1). The greater the initial rate of the reaction, the more rapidly does the 
decline in rate set in. 

The velocity of oxidation is greatly influenced by the hydrogen ion 
eoncentration (cf. Fig. 2). The maximum pH is about 8.0, whereas above 
pH 10 and below pH 6 the rate of oxidation approaches zero. The enzyme 
works at maximum speed when the substrate concentration is about 0.04 m 
and at half maximum speed when the concentration is about 0.004 


(cf. Fig. 3). 
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Fig. 2. The rate of oxidation of lactate as a function of the pH. The following 
additions were made in all manometer vessels: 0.5 ec. of enzyme solution, 0.5 ce. of 5 
per cent d/-lactate, 0.5 cc. of catalase, and 0.5 m buffer to make a final volume of 3.0 
ec. All solutions were adjusted to the pH of the buffer. The pH of the enzyme mix- 
ture Was measured at the end of the manometric run. 


Specificity—The enzyme apparently acts only on the / antipodes of 
e-hydroxy acids. While it has not been shown directly that d-hydroxy 
acids are not oxidized, this conclusion follows from the fact that /-lactic 
acid is completely oxidized, whereas dl-lactic acid is oxidized only to the 
extent of 50 per cent (cf. Table 1). a-Hydroxyisobutyric acid was the only 
one of fourteen hydroxy acids tested which was not oxidized at a measure- 
able rate by the enzyme (cf. Table Il). The presence of a second carboxy! 
group renders the substrate inactive in the amino acid series and slowly 
oxidizable in the hydroxy acid series. Thus aspartic acid is inactive as 
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substrate and malic acid is very slowly oxidized. The fact that glycolic 
acid is oxidized, albeit slowly, signifies that the enzyme can oxidize an opti- 
cally inactive substance and is capable of distinguishing sharply between 
two optical isomers. 

In general the specificities of the /-amino acid oxidase are similar to 
those of the l-hydroxy acid oxidase. For example, with amino acids as 
substrates there is a very pronounced relation between the length of the 
carbon chain and the rate of oxidation. Thus, in the straight chain series, 


100 


6) 


mm” O, in 60 minutes 
3 


a 0.04 0.08 0.12 
molarity of lactic acid 
Fic. 3. The rate of oxidation of lactate as a function of the concentration of lae- 
tate. Zine l(+)-lactate was used as the source of lactic acid. Conditions as given 
in the legend for Fig. 2. 


the amino acid with 5 carbon atoms is most rapidly oxidized, the next 
lower homologue is slowly oxidized, whereas those with 3 and 2 carbon 
atoms respectively are oxidized very slightly or not at all. With hydroxy 
acids as substrates, the homologues with 4 and 5 carbon atoms are only 
slightly more rapidly oxidized than lactate with 3 carbon atoms, which in 
turn is oxidized some 6.5 times more rapidly than glycolic acid with 2 
carbon atoms. Arginine and serine are not oxidized by the J-amino acid 
oxidase, whereas histidine is slowly oxidized. The hydroxy acids corre- 
sponding to arginine, serine, and histidine are all slowly oxidized. 
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Products of Reaction—In presence of catalase and the enzyme | atom of 
oxygen is taken up for each mole of hydroxy acid oxidized and | mole ot 
keto acid is formed, as shown in Table Il. Pyruvate was identified as the 
product of the oxidation of lactate in the form of its 2, 4-dimitropheny!. 
hydrazone which was obtained in 79 per cent yield, m.p. (with deeomposi- 
tion) 214°, mixed m.p. 214°. 


-Analysis—CoHsOcNs. Calculated. C 40.3, H 2.98, N 20.9 
Found. 40.5. ** 3.16, DSB 


Column 2 of Table II shows the observed uncorrected values for the 
individual keto acids as estimated by iodine titration of the bisulfite-bind- 
ing power. These values are somewhat low when compared direetly with 
the corresponding values for oxygen uptake. ‘There is no doubt, however, 
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*A commercial sample obtained by a fermentation process and presumed to he 
racemic. 


t Prepared by hydrolysis of dl-a-bromopropionic acid. The manometrme exper 
ments were carried out in air at 38° and at pli 5.0, and in the presence of catalase 


that 1 mole of keto acid is formed for each mole of oxygen utiliaed; for it has 
been shown that less than one equivalent of bisulfite is bound by moet keto 
acids other than pyruvic. The method may be employed satiefactorly 
nevertheless if a previously determined correction factor is applied (2) 
Column 3 of Table II gives some such corrected values, and these are in 
good agreement with the amount of oxygen utilized. 

In absence of catalase 2 atoms of oxygen should be taken up per mole of 
lactate oxidized and 1 mole of hydrogen peroxide should be formed. Vari- 
able amounts of peroxide are decomposed by non-enzgymic means—a factor 
Which makes it impossible to obtain stoichiometric results. Experiments 
in which hydrogen peroxide is allowed to accumulate are also unsatisfactory 
because the enzyme undergoes rapid destruction under these conditions. 
In the presence of alcohol and catalase the rate of oxygen uptake is doubled. 
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TABLE II 
Relation between nl _plake and Amount of Lo Acid Produced 


Amount of | Amount of 
ieee te Oxygen uptake keto acid formed keto acid formed 
uncorrected corrected 
| (2) (3) 
microatoms micromoles 
dl-a-Hydroxy isovalerate*..... 38.1 29.5 
dl-a-Hydroxy butyrate*......... | 31.4 29.4 | 
l-a-Hydroxy isoeaproatet... 29.8 25.8 29 
dl-a-Hydroxy caproate*....... 28.7 25.5 28 0) 
dl-Phenyl glycolatet........... 24.1 12.5 
dl-a-Hydroxy-y- | 17 .4 17.3 | 
SoS 
dl-a-Hydroxy -6-guanidoy aleratet.. 1.5 O.4 


The conditions for the manometric experiments were as follows: 1 ec. of enzyme 
solution, 0.5 ec. of catalase solution prepared as described previously (3), Ll ee. of 6.5 
mu phosphate butfer of pH 8.0, and 0.5 ee. of 0.1 M solution of substrate adjusted to 
pH 8.0; alkali in center well; 38°; air in gas space; time 100 minutes. The keto acids 
were estimated as described before (2). 

* Prepared from the corresponding @-bromo acid, according to Fischer and Zem- 
plen (7). 

+ Prepared from the corresponding amino acid by treatment with silver nitrate, 
as deseribed by Schoenheimer ef al. (S) 

t Commercial samples purchased from the Eastman Kodak Company. 

§ Prepared from glyceric aldehyde by oxidation with mercuric oxide, according 
to Wohl and Schellenberg (9). 


TaBLe III 


Association of Amino Acid Oxidase with Hydroxy Acid Oxidase Activity 


Rate of oxidation of lactic acid 


Stage of purification : : : 
S P Rate of oxidation of leucine 


After exposure to 60° for 5 min.................... | 2.4 
2nd sodium sulfate ppt.. RAN ER | 2.6 
Ultracentrifuge fractionation of catanhoreticalty 

homogeneous enzyme | 


The two activities were measured at pH 8.7, 38°, in air and in the presence of added 
catalase. The final concentration of substrate was 0.01 m for both /-lactate and 
l-leucine. For further details of the method of isolation of /-amino acid oxidase see 
Blanchard et al. (4). 
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This constitutes the most reliable proof that peroxide is formed during the 
enzymic oxidation of lactate and other hydroxy acids by molecular oxygen 
(10). 

Identity of l-Amino Acid Oxidase and |-Hydrory Acid Oxidase —U the two 
enzymes are identical, it would be expected that the ratio of the two activ. 
ities would be a constant throughout the purification proceedure, within the 
limits of experimental variation. That such is indeed the case is shown im 
Table III. The electrophoretically homogeneous enzyme consists of two 
forms of molecular weight of 138,000 and 550,000 respectively. These 
forms were separated in the ultracentrifuge and examined for the ratio of 
the two catalytic activities. No significant difference in the ratio was 
found. 

The /-amino acid oxidase is a flavoprotein which undergoes a cycle of 
reduction by /-amino acids and oxidation by molecular oxygen. If the two 
activities are shared by the same enzyme, then the same flavin prosthetic 
group which is reducible by /-amino acid should also be reducible by /- 
hydroxy acids. Spectrophotometric examination has confirmed this pre- 
diction. Furthermore, the rate of reduction of the flavin group by hydroxy 
acids is more rapid than in the presence of the corresponding amino acids 
in accordance with the fact that the enzyme acts more rapidly on hydroxy 
than on amino acids. 

The third line of evidence for identity is the fact that the two activities 
do not summate but in fact partially interfere with one another. This 
behavior 1s consistent with the view that the two activities are associated 
with the same enzyme and with the same active groups of the enzyme. 

The /-amino acid oxidase activity is inhibited by ammonium ions in low 
concentration, whereas the /-hydroxy acid oxidase function is virtually 
unaffected by ammonium ions. This would suggest that the enzyme has 
an affinity for ammonium ions at least equal to that for amino acids but 
much less than that for /-hydroxy acids. 


SUMMARY 


The properties of the /-hydroxy acid oxidase of rat kidney are described 
and evidence is presented for its identification with the /-amino acid oxidase. 
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THE ACTION OF TYROSINASE ON PROTEINS 
By IRWIN W. SIZER* 
(From the Department of Biology, Massachusetts Institute of Technology, Cambridge 


(Received for publication, January 15, 146) 


Tyrosinase cat alyzes the oxidation by oxygen of a large variety of mono 
and polyphenols (1, 2) as well as many phenolic derivatives such as adren 
alin, certain sex hormones, tyrosine, and the potwom ivy trritants (4, 4 
Monophenols are oxidized to diphenols ; these are in turn converted to unsta 
ble quinone derivatives which polymerize to highly colored compounds of 
unknown structure. A typical example is the aerobic oxidation of tyroeme 
by tyrosinase to 3,4-dihydroxypheny lalanine (dopa), which is converted by 
way of unstable intermediaries to the pigment melanim (5, 6). The 
oxidation of tyrosine is believed to be involved m the production of py. 
mentation in many different organisms. 

As far as the author is aware the only enzymes which are known to 
attack simple intact proteins in vitro are proteolytic ones, although chemoca! 
reagents can readily bring about modifications in such constituents of 
native proteins as amino, carboxyl, and phenolic groups. The situation 
in vivo appears to be quite different, however, for tracer studies by Schoen. 
heimer (7) and others have clearly shown that proteims im the body are 
quite labile and that substitutions of amino acids appear to oecur and that 
reactions take place which involve active available groups on the protem 
molecule. A consideration of the discrepancy between the reactivity in 
vwo and in vitro of proteins to non-proteolytic enzymes led to this study of 
the action of tyrosinase on proteins. In view of the low specificity of 
tyrosinase it was felt that if the tyrosine residue were available at the sur- 


face of the protein molecule its phenolic hydroxy! group might be subject to 
attack by mushroom tyrosinase. 


Methods and Results 


Manometric Experiments—The Barcroft differential manometer was used, 
at 37° + 0.02° and at a shaking rate of about 120 oscillations per minute, 
to study any effect of tyrosinase in bringing about an oxygen consumption 
by the protein solutions. The reaction flasks had a volume of 15 ml. and 
possessed a single side arm in which the enzyme was placed. The ex- 
perimental flask contained 25 mg. of protein, 4.5 ml. of m/15 phosphate 
buffer, pH 7.3, 2 drops of toluene (or 0.001 per cent merthiolate), and 
0.5 ml. of tyrosinase solution in the side arm. The control flask contained 


* With the technical assistance of Miss Janette Robinson. 
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exactly the same components as the experimental, except that boiled 
enzyme was placed in the side arm. In some experiments, however, 
distilled water was used in the control instead of the inactivated tyrosinase 
After 5 minutes adaptation to temperature, the reactions were initiated by 
tipping the enzyme into the protein solution. In most experiments 
Upjohn mushroom tyrosinase was used, which contained 1100 Adams and 
Nelson catechol-hydroquinone units, 150 cresolase units, and 2750 chrono- 
metric catecholase units per ml. A few experiments with very similar 
results were also performed with Nelson’s highly purified mushroom 
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Fic. 1. Oxygen consumption of proteins in the presence of tyrosinase. The solu 
tion contained 25 mg. of protein, 4.5 ml. of Mm. 15 phosphate buffer, pH 7.3, and 0.5 ml. 
of Upjohn tyrosinase, plus 2 drops of toluene. The tyrosine solution contained only 
2.5 mg. of tyrosine, 4.95 ml. of buffer, and 0.05 ml. of tvrosinase. 


tvrosinase,' which contained 4200 Miller and Dawson catecholase units 
and 70 Adams and Nelson p-cresolase units per ml. (1). 

Results of typical experiments are presented in Fig. 1, from whieh it 
appears that the action of tyrosinase in the oxidation of certain proteins Is 
clearly demonstrated by the oxygen consumption of protein solutions in- 
duced by the addition of tyrosinase. The reaction follows a smooth cur- 
vilinear course characteristic of the particular protein substrate employed, 
but the rate is much less than for the action of 0.05 ml. of tyrosinase on 
2.5 mg. of -tyrosine. Results for all the proteins studied are summarized 


! Kindly furnished by Dr. J. F. Nelson of Columbia University. 
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TABLE I 


Action of T yrosinase Prote ins th Refe rence to Oxyge (Consumption, Pigment 
Production, and Reaction to Millon’s Re agent 


Substrate Absorption in 


blue \ iolet Millon $ test 


microliters 


per hr. 
I-Tyrosinet 250 
Trypsin} 163 
Pepsin} 
Chymotrypsing 43 
Peptone (Difeo) 5S + | 
Casein$ 11 4 | 
Zine insulin (Merck) 4 
Hemoglobin (Ditco) 2 + | = 
Gelatin (Difco) () on | ia 
Protamine (Lilly) () | 
Tobacco Mosaic virus | 0 | Not measured 
Egg albumin (Merck) | 4 
Serum albumin, human‘ 0 | 
+ mg. trypsin 6 | 
bovine** ‘ 0) | - Not measured 
+ | mg. trypsin 0.5 | 
“y-globulin, human® 0) 
 B-globulin, bovine** 0) Not measured 
+ 1 mg. trypsin 2 + | iad 
Fibrinogen, bovine** | 0.1 Not measured 
+ mg. trypsin | 13 | + | 
Gramicidin§$ 0) | | 
+ 1 mg. trypsin 0 | 


*If the production of a pink solution or precipitate by the protein treated with 
active tyrosinase is less than the color of the protein treated with inactive tyrosinase, 
the reaction is called negative; if the same, it is called positive. 

t Digest contained only 2.5 mg. of tyrosine and 0.05 ml. of tyrosinase. 

{Obtained in crystalline form from the Plaut Research Laboratory. Each 
enzyme preparation contains about 40 per cent MgSO,. 

§ Prepared according to Koch (8). 

| A saturated solution was used. It was kindly furnished by Dr. I. Fankuchen, 
the Polytechnic Institute of Brooklyn. 

* The products of plasma fractionation employed in this work were developed 
by the Department of Physical Chemistry, Harvard Medical School, Boston, Massa- 
chusetts, under a contract recommended by the Committee on Medical Research, 
between the Office of Scientific Research and Development and Harvard University. 
Both the albumin and the y-globulin are about 98 per cent pure. 

** Kindly furnished by the Armour Laboratories. These proteins were prepared 
under a contract recommended by the Committee on Medical Research, between the 
Office of Scientific Research and Development and Armour and Company. The al- 
bumin is 100 per cent pure; the 8-globulin is 98 per cent pure (contains 2 per cent al- 
bumin); the fibrinogen is 77 per cent pure (contains 18 per cent globulin plus 5 per 
cent albumin) and is mixed with 40 per cent sodium ¢jtrate. 


§§ Kindly furnished by Dr. R. Dubos, The Rockefeller Institute for Medical Re- 
search, 
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in Table I. As would be expected, the substrates which contain no ty- 
rosine, such as gelatin, protamine, and gramicidin, show no evidence of 
oxidation by tyrosinase. 

[It is also apparent from Table I that, although many proteins are ox. 
idized, there remain a large number which contain appreciable amounts of 
tyrosine, but nevertheless are not oxidized under the influence of tvrosinase. 
In these proteins it is possible that the tvrosine residues are not accessible 
at the surface of the protein molecule, or the phenolic groups may be go 
combined as to be unavailable for attack by tyrosinase. With these pos- 
sibilities in mind it seemed likely that tvrosinase action on these resistant. 
proteins could be demonstrated if the protein molecule were partially 
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TIME IN HOURS 
Fig. 2. Oxygen consumption catalyzed by tyrosinase of trypsin-treated proteins. 
The solution contained 25 mg. of protein, 4.5 ml. of buffer, 1 mg. of cryastlline trypsin, 
0.5 ml. of Upjohn tyrosinase, plus 2 drops of toluene. 


digested with trypsin before or concurrently with the addition of tyrosinase. 
That this is possible is shown for several different proteins in Fig. 2, from 
which it appears that the addition of 1 mg. of crystalline trypsin to the 
digest rendered the protein oxidizable by tyrosinase. Results of this 
study are summarized in Table I, which also shows that a substrate such as 
gramicidin which contains no tyrosine is not rendered oxidizable by ty- 
rosinase after preliminary digestion with trypsin. 

Effect of Tyrosinase on Biological Activity of Typical Proteins—Since 
tvrosinase most readily oxidizes pepsin, trypsin, and chymotrypsin (see 
Fig. 1), a study was made of the effect of tyrosinase on the enzymatic 
activity of each of these crystalline enzymes. The technique employed in 
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studving the proteolytic activities of these enzymes was the same as that 
described previously (9). It involved the suspension in the proteolytic 
enzyme solution at 37° of a filament of reprecipitated purified collagen to 
which was attached a 2 gm. paraftin-coated lead weight. The time re- 
quired for the filament to break and the weight to fall was measured with an 
automatic timing device (10). In the first series of tests the enzyme 
solutions were studied for proteolytic activity at the completion of the 
manometer experiments in which oxidation of the protein catalyzed by 
tyrosinase was measured. No change in pli of these solutions was neces- 
sary in order to study the activity of trypsin and chymotrypsin, but the 
measurement of peptic activity required the change in pH from 7.3 (neces- 
sary for tvrosinase action) to pH 2.0 by the addition of a few drops of | N 
HC] to the pepsin solution containing boiled or native tyrosinase. In the 
second series of experiments the procedure was the same except that, in- 


TaBce II 


Action of Tyrostnase on Activity of Certain Enzymes As Measured by Time Required ‘» 
Digest Collagen Filament 


Protease Tyrosinase Digestion time 
| Ars. 
Chymotrypsin | Boiled 2.16 
ey | Native | 2.10 
Trypsin Boiled 1.32 
“ | Native 1.54 
Pepsin Boiled 38 Approximately 
Native 38 


stead of the manometric technique, the solutions were incubated with na- 
tive or boiled tyrosinase for 18 hours at 37° before the proteolytic activity 
was measured. As would be expected, results were very similar by both 
methods. Typical results are presented in Table II, from which it is 
apparent that tyrosinase has no effect upon the activity of pepsin, trypsin, 
or chymotrypsin despite the fact that it catalyzes the oxidation of tvrosine 
in all three enzymes. These results are surprising in view of the fact that 
chemical reagents which combine with or oxidize the tyrosine residues of 
pepsin (11) and chymotrypsin (9) produce inactivation of these proteases. 
It seems likely that the enzymatic oxidation of tvrosine in proteins does not 
bring about as drastic a change in the tvrosine moiety as does the chemical 
oxidation. 

Chemical Studies of Effect of Tyrosinase on Proteins—Upon completion of 
each manometric experiment the digests containing either native or boiled 
tyrosinase were saved for chemical and spectroscopic examination to de- 


ty- 
of 
ise. 
ble 
\OS- 
ant 
lly 
| 
| 
| 
| q 
Ins. 
sin, 
ase. | 3 
rom 
the 
this 
h as 
ty- 
ince 
(see ; 
atic 
d in 4 


* 

4 
4 


150 TYROSINASE AND PROTEINS 


termine whether or not the oxidation of the protein molecule induced by 
tyrosinase could be demonstrated by techniques other than the mano- 
metric one. 


Studies on Native Protein 


Phenol Test for Tyrosine Plus Tryptophane—The phenol reagent was pre- 
pared according to Folin and Ciocalteau (12), and a standardization curve 
was made for tyrosine measuring the absorption at 420 mu with a Coleman 
spectrophotometer. The test on the tyrosinase-treated protein solution 
was made by adding 10 ml. of 0.5 N NaOH plus 3 ml. of phenol reagent to 
5 ml. of protein solution. After the solution had stood for 5 minutes, the 
absorption at 420 mu was measured. In each experiment the absorption of 
the protein solution with native tyrosinase was compared with the absorp- 
tion of the solution containing boiled tyrosinase. No significant difference 
in the amount of tyrosine plus tryptophane could be detected by this 
technique, which is not applicable to the study of tyrosine of intact protein 
molecules before hydrolysis. 

Qualitative Millon’s Test for Tyrosine—This test was performed by 
adding to 1 ml. of tyrosinase-treated protein 3 ml. of water plus 3 drops of 
Millon’s reagent (13). The solution was then brought to a boil and allowed 
to cool. Results of these studies were what might have been predicted 
(see Table I). In all cases in which oxidation of the protein by tyrosinase 
was indicated manometrically by oxvgen consumption, a much fainter 
pink color was obtained than for the control solution containing inactive 
tvrosinase. On the other hand, for those substrates not oxidized under the 
influence of tyrosinase there was no detectable qualitative difference in 
color with Millon’s reagent between proteins treated with active or inactive 
tyrosinase. Of course gelatin, protamine, and gramicidin, which contain 
no tyrosine, gave no color at all with Millon’s reagent, regardless of the 
presence or absence of active tyrosinase. ‘Those proteins resistant to 
tyrosinase, but rendered labile by digestion with 1 mg. of trypsin, did not 
react as intensely with Millon’s reagent as did the controls treated with 
inactive tvrosinase. From the results of these studies with Millon’s reagent 
it appears that tyrosinase so modifies the phenol groups of certain labile 
proteins that they no longer produce an intense pink color in this test. 


Quantitative Determination of Tyrosine in Protein H ydrolysates 


Bernhart’s modification of the Millon-Weiss method for tyrosine deter- 
mination (14) was used, according to the directions given by Block and 
Bolling (15). In place of the 10 mg. of protein used in the test, 2 ml. of | 
tyrosinase-treated protein containing 5 mg. of protein per ml. were used. 
The final reddish colored solution which was obtained showed a maximum 
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absorption at 420 my and so the calibration curve for tvrosine was made at 
this wave-length. All subsequent measurements on the protein hvdrolv- 
sates were also made at 420 mu. Results of the tvrosine analvsis by this 
test are presented in Table II], from which it appears that for tvrosinase- 
labile proteins the action of tyrosinase results in all cases in a decrease 


TaBLe Ill 
Effect of Tyrostnase Ov Tyrosine Conte rit of Proteins As Me asured hy Modifir 
Weiss Test for Ty roxine tn Prote in Hudrolysate 


Protein 


Tyrosinase 


Tyrosine in 10 
mz. protein 


Serum albumin, bovine Inactive 0.55 
human Inactive 0.53 
+ trypsin Inactive St) 
Casein Inactive 
Active 0.63 
Chymotrypsin Inactive 0.35 
Active 
Fibrinogen + trypsin Inactive 0.57 
+ Active 0.52 
3-Globulin, bovine, + trypsin Inactive 0.76 
+ Active o.70 
y-Globulin, human, + ‘*“ Inactive 0.72 
+ Active 0.51 
Gramicidin + trypsin Inactive 00S 
Hemoglobin Inactive 0.36 
Active 18 
Insulin Inactive 1 
ws Active 0.77 
Pepsin Inactive 0.53 
Active 
Trypsin Inactive 0.49 
Active 0.34 
Tyrosine (0.1 mg.) Inactive 0.08 
Active 
Tyrosinase 0.02 


(as compared with the control which was treated with inactive tvrosinase) 
inthe amount of tyrosine present in an alkaline hydrolysate of the protein. 
The results of the chemical tests confirm the manometric studies in re- 
flecting the oxidation of phenolic groups in native proteins catalyzed by 
tyrosinase. 
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Effect of Tyrosinase on Color of Proteins 


In view of the fact that tyrosinase, in acting on tyrosine, mono- and 
polyphenols and their derivatives, produces pigmented oxidation products, 
it is not surprising that proteins oxidized catalytically by tyrosinase are 
converted to colored end-products. The protein solutions studied mano- 
metrically for oxygen consumption gradually darkened to a reddish brown 
color in the presence of active tyrosinase, but not in the presence of boiled 
tyrosinase. This was true only of those proteins which were oxidized by 
tyrosinase; no change in color was observed, if the protein was not oxidized. 
The results of a typical experiment are shown in Fig. 3 for chymotrypsin, 


@ 


o 


©: AFTER O HOURS 
X :AFTER 22 HOURS 


PER CENT TRANSMISSION 
° 


400 450 500 550 600 650 TOO 750 
WAVE-LENGTH,mu 
Fic. 3. Effeet of tyrosinase on the visible absorption spectrum of crystalline 
chymotrypsin. The solution contained 25 mg. of chymotrypsin, 4.5 ml. of phosphate 
buffer, pH 7.3, 2 drops of toluene, and 0.5 ml. of tyrosinase added at zero time. The 
chymotrypsin is oxidized to a brownish color which absorbs strongly in the blue- 


violet region. 


The upper curve is the transmission curve immediately after adding 0.5 ml. 
of Upjohn tyrosinase to 25 mg. of crystalline chymytrypsin (in ¢.5 ml. of 
phosphate buffer at pH 7.3). The transmission after 22 hours at 37° is 
shown by the lower curve. Although with many protein substrates there 
is some increase at other wave-lengths in absorption produced by tyrosinase, 


the maximum effect with all proteins is in the violet region at 410 mp. 


Similarly the action of tyrosinase on tyrosine results in a maximum absorp- 
tion in the violet region. 

In view of the fact that tyrosinase produces a color change of certain 
labile proteins, it is possible to use this production of pigment as a means ol 
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studving the kinetics of oxidation of proteins under the influence of ty- 
rosinase (see Fig. 4). A comparison of Figs. | and 4 indicates that the ki 
netics of protein oxidation are similar when followed manometrically or 
colorimetrically. 


Effect of Tyrosinase on Ultraviolet Absorption Spectrum of Proteins 


Since the absorption peak characteristic of most proteins at about 276 mu 
ean be chiefly ascribed to the presence of tyrosine and tryptophane (16, 17), 
it seemed likely that any effect of tyrosinase on the tyrosine of proteims 


40 


PER CENT TRANSMISSION 


| | 


2 3 4 
: TIME IN HOURS 
Fic. 4. Kinetics of the increase in color at 410 mu associated with the oxidation of 
chymotrypsin catalyzed by tyrosinase. The composition of the solution is the same 
as for Fig. 3. 


would be reflected in a change in the ultraviolet absorption spectrum, 
especially in the region of 276 mu. 

The absorption spectra were taken in the Spectroscopy Laboratory of the 
Massachusetts Institute of Technology with a Hilger quartz spectrograph 
equipped with a Spekker photometer. Detailed studies were made with 
wtreated pepsin, chymotrypsin, and trypsin, and these same proteins 
alter treatment with tyrosinase for several davs. These solutions had been 
studied manometrically before their ultraviolet absorption was measured. 
As usual, the protein concentration was 5 mg. per ml. in phosphate buffer 
at pH 7.3. The control solutions contained 0.1 ml. of water per ml., while 


_ the experimental solution contained 0.1 ml. of Upjohn tyrosinase. The 
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154 TYROSINASE AND PROTEINS 


absorption of the tyrosinase solution was studied independently with 
0.1 ml. in 0.9 ml. of buffer. In order to measure the absorption it was 
necessary to adjust the concentration of pro}ein in solution by dilution with 
water to different extents, depending on the absorption of the specific 
protein used. Before plotting the results the log extinction coefficients 
were multiplied by the dilution factors to put the data for all solutions on 
a comparable basis.? 

Results with pepsin are shown in Fig. 5. The control curve for pepsin 
in buffer agrees closely with that reported by Gates (18, 19) with a 
maximum absorption at 275 my attributable to tyrosine and tryptophane 


PEPSIN-TYROSINASE 


PEPSIN 


LOG EXTINCTION COEFFICIENT 
wo 


TYROSINASE 


| 


250 280 310 340 370 400 
WAVE -LENGTH, mu 


Pic. 5. The ultraviolet absorption spectrum of certain protein solutions. Upper 
curve, the solution contains 25 mg. of crystalline pepsin, 4.5 ml. of buffer, 0.5 ml. of 
tyrosinase, 0.001 mg. of merthiolate. Middle curve, the same, but 0.5 ml. of water 
instead of tyrosinase. Lower curve, 4.5 ml. of buffer, 0.5 ml. of tyrosinase, 0.001 mg. 
of merthiolate. The oxidation of pepsin by tyrosinase has increased the absorption 
in the ultraviolet with the elimination of the maximum in absorption at 275 my attrb- 
utable to tvrosiie. 


The tyrosinase shows a typical protein absorption spectrum with a slight 
peak (more apparent when the data are plotted on a larger scale) at 268 
mu, agreeing fairly well with the absorption band reported by Dalton and 
Nelson (20). The oxidation of pepsin catalyzed by tyrosinase increases 
the absorption throughout the ultraviolet, but the specific peak at 275 mp 
attributable to tvrosine has been completely eliminated, suggesting an 

? This correction involves the assumption that Beer’s law applies to the absorption 
of these solutions in the ultraviolet. Even if it did not strictly apply, the error would 


not be great, since the dilution factors did not differ appreciably for the different 
solutions. 
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oxidation of the tyrosine of pepsin by tyrosinase. Results with chymotryp- 
sin are very similar to those tor pepsin. The control solution is character- 
ized by a sharp peak at 272 my, a minimum at 253 my, and ‘‘end-abserp- 
tion” below 240 mu. The oxidation of chymotrypsin by tvrosinase gives 
rise to an increase in absorption over most of the ultraviolet, but the sharp 
peak in absorption at 272 my is eliminated. Tvrosinase also produced an 
increase In absorption of trypsin over most of the ultraviolet spectrum, but 
the solutions were not satistactory for comparison at 280 mu. at whieh 
point trypsin shows a sharp peak in absorption (21, 22). 

These studies on light absorption clearly demonstrate that oxidation of 
typical proteins catalyzed by tyrosinase results in an increased absorption 
by the protein in the blue-violet and ultraviolet, and that the specific 
absorption of the protein attributable to tyrosine is greatly decreased. 

DISCUSSION 

The oxidation by tyrosinase of tyrosine in certain labile proteins or in 
proteins rendered labile by treatment with trvpsin is clearly indicated by 
studies of oxygen consumption, production of pigment, decrease in color 
produced with Milfon’s reagent, decrease in tyrosine in the protein hy- 
drolvsate as measured quantitatively by the modified Millon-Weiss method, 
and increased absorption in the ultraviolet accompanied by the elimination 
of the peak at 276 mu attributable to tvrosine. The rate of oxidation of 
proteins by tyrosinase is very much less than the corresponding rate of 
oxidation of tvrosine. Although in each case the oxidation is believed to 
proceed through the formation of dopa (3,4-dihvdroxvphenvlalanine), 
the further oxidation of tvrosine is not as extensive for the tvrosv] moiety of 
proteins as it is for free tvrosine which is converted to melanin (1). 

The striking difference in susceptibility of different proteins to attack by 
tyrosinase suggests that in some proteins the tvrosv! group is available at 
the surface of the molecule, while in others the stereochemical configuration 
of the protein is such as to render the tvrosine residue inaccessible to ox- 
idation by tyrosinase. Even in those proteins labile to tyrosinase only a 
fraction (about 10 to 20 per cent) of the total tyrosine was oxidized by 
tyrosinase; a large part of the tvrosine appears inaccessible to tyrosinase. 
On the other hand a very large fraction of the tyrosyl residues of 
proteins reacts with certain chemical reagents (9, 11, 23, 24). The dif- 
lerence in extent of reaction with tyrosyl groups of proteins by tyrosinase 
and chemical reagents is also illustrated by the fact that the former does 
hot destroy the biological activity of the proteins, while the latter inactivate 
the proteins. 

In view of the fact that the oxidative enzyme tyrosinase has been shown 
toact on certain proteins in vitro, it seems possible that other non-proteo- 
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lytic enzymes will also attack native proteins. In particular the action op 
proteins of such enzymes as deaminases, decarboxylases, dehydrogenases, 
and certain oxidases deserves careful study. From such investigations may 
come at least a partial interpretation of the great lability of proteins in 
living systems. 


SUMMARY 


Both crude and highly purified mushroom tyrosinases have been demon- 
strated to oxidize the tyrosyl] groups of such proteins as trypsin, pepsin, 
chymotrypsin, casein, peptone, insulin, and hemoglobin. Tyrosinase did 
not oxidize gelatin, protamine, and gramicidin, which are devoid of tyrosine, 
Certain proteins containing tyrosine were resistant to tyrosinase; these 
included egg albumin, human and bovine serum albumin, tobacco mosaic 
virus, human y-globulin, bovine 8-globulin, and bovine fibrino en. All 
members of this group which were studied were oxidized ty Sree © iter 
a preliminary treatment with crystalline trypsin. 

Several techniques were employed m studying the action of ies: on 
proteins, all of which methods vielded consistent data. These procedures 
included (1) the measurement of oxidation manometrically from oxygen 
consumption; (2) the measurement of phenolic groups with Millon’s test 
on intact proteins; (3) the quantitative determination of tyrosine in pro- 
tein hydrolysates; (4) the quantitative measurement of pigment production 
in the blue-violet caused by the action of tyrosinase on proteins; (5) the 
measurement of change in the ultraviolet absorption spectrum especially at 
275 mu, at which wave-length the protein absorption is due to tyrosine and 
tryptophane. 

In contrast to most chemical reagents which react with the tyrosyl group 
to destroy the biological activity of the protein, tyrosinase has no effect on 
the enzymatic activity of pepsin, trypsin, and chymotrypsin, This dif- 
ference may be related to the fact that only a small fraction ‘of the total 
tyrosine of the protein is oxidized by tyrosinase, and that each tyrosy! 
group does not appear to undergo a very extensive oxidation. 
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MICROBIOLOGICAL METHODS FOR THE 
DETERMINATION OF AMINO ACTDS 


Il. EXTENSION OF THE UNIFORM ASSAY METHOD FOR THE TEN 
ESSENTIAL AMINO ACIDS TO INCLUDE TYROSINE 


By MARION GUNNESS, IRLA M. DWYER, ano JACOB L, STOKES 


(From the Research Laboratories, Merck and Company, Inc., Rahway, New Jersey) 
(Received for publication, December 18, 1945) 


In an attempt to extend, standardize, and thus simplify microbiological 
methods for the determination of amino acids, a uniform assay method for 
the ten essential amino acids in proteins and foods was developed pre- 
viously (1). One standard medium and one procedure are employed in 
the method. Nine of the essential amino acids are assayed with S/repto- 
coccus faecalis and phenylalanine with Lactobacillus delbriichii LD5, and 
the response of the two organisms to the amino acids is measured by 
titrating, with standard NaOH, the lactic acid produced during growth. A 
complete analysis can be made with 1.5 gm. or less of sample. An extension 
of this basic method to include the determination of tyrosine in proteins 
and foods is described in the present paper. 


Procedure 


Assays are carried out with Lactobacillus delbriickii LD5. Directions 
for obtaining and maintaining this organism and the preparation of inoc- 
ulum, assay medium, standard, and samples for assay are exactly as out- 
lined previously (1, 2). Routinely, 0.5 gm. or 1.0 gm. of dried sample is 
hydrolyzed with 10 cc. of 5 N NaOH in sealed ampules by autoclaving at 
15 pounds steam pressure (121°) for 10 hours. This is the procedure 
previously recommended for the assay of tryptophane (1), and hydrolysates 
prepared in this fashion can be used for the assay of both amino acids. 
The precipitate which forms on neutralization of the alkaline hydrolysate 
is best removed by centrifugation and must be washed twice with about 
2 ce. quantities of water to insure complete separation of adhering tyrosine. 
Assays are titrated with 0.1 N NaOH after 3 days incubation at 37°. 

Only the / or naturally occurring isomer of tyrosine can be metabolized 
by Lactobacillus delbriickii; the d isomer is completely inactiv@. Identical 
standard curves are obtained with the / and d/ forms when twice as much 
of the optically inactive form is used. Since /(—)-tvrosine is the more 
readily available form, it was used exclusively as the standard. The 
microbial response to increments of tyrosine in the range of 0 to 100 y is 
shown in Fig. 1. 
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160 DETERMINATION OF AMINO ACIDS. IIl 


Hydrolysis of the sample with alkali under the conditions described 
above results in complete racemization of the tvrosine. Since the d isomer 
does not promote growth, the assay value must be multiplied by a faeto, 
of 2, as is the case with tryptophane, to obtain the final tvrosine content 
ot the sample. 


RESULTS AND DISCUSSION 


Acid or alkali can be used to hydrolyze purified proteins for the deter. 
mination of tyrosine (3, 4). However, only alkali may be used to digest 
proteins contained in natural products, since the accompanying carbohy- 


C.c. N@OH 


l i L 
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M!CROGRAMS OF TYROSINE 


Fig. 1. Standard tyrosine curve 


drate may produce considerable loss of tyrosine on acid hydrolysis because 
of humin formation (5-7). This is clearly indicated in Table I. It 3 
noteworthy that loss of tyrosine on acid hydrolysis of foods is appreciable 
only when the ratio of carbohydrate to protein exceeds 1:1; at a ratio of 
7:1 or 9:1 admost 50 per cent of the tyrosine disappears. Loss of tyrosine 
due to humin formation is readily demonstrated also by means of syntheti¢ 
carbohydrate-protein mixtures. Xylose or arabinose was added, in vary- 
ing proportions, to casein and blood meal prior to digestion with acid. As 
the ratio of carbohydrate to protein is increased from 0.5:1 to 8:1, @ pro 
gressive loss of tyrosine occurs so that at the highest ratio less than 50 pet 
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cent of the tyrosine is recovered (Table I1). Nvlose and arabinose behave 
similarly in this respect and appear to be more active than the carbohv- 
drates in the natural materials. With the latter, destruction of tyrosine 
is evident only when a 1:1 ratio of carbohydrate to protein is exceeded, 
whereas with the prepared carbohvdrate-protein mixtures at the t:! 
ratio more than 20 per cent loss of tvrosine occurs. Interestingly, free 
tyrosine is considerably less susceptible to humin formation than tyrosine 
combined in proteins; only about one-half as much of the former as com- 


Tasie I 
Tyrosine Content of Proteins Hydrolyzed with Alkali and Acid 


The results are calculated in mg. per gm. of partially dried material 


Per cent 
Protein percent | Change | ratio of 

acid hy- literature reference No 
drolysis 

wae, 1.4 | 6:1 (8) 

Flour, patent... 4.3 25 7:1 

Barley, seed... 5.8 3.6 —38 | 9:1 (8 

Corn-meal, white... . 2.7 ~44 

String beant ........ 5.6 2.6 —54 3:1 (8) 

Milk, whole... .. 12.7 10.3 —19 1.4:1 

Yeast, brewers’... .... 15.6 0 O (8) 

19 O=.06:1 (8 

| 17.3 16.0 O.1:1 (S) 

25 Low in carbohydrate 
3.6 3.3 —§ ‘ 
Egg albumin... 32 32 0) 
8-Lactoglobulin... 32 34 +6 
Tobacco mosaic virus.........| 30 32 +7 


* Autoclaved for 10 hours at 15 pounds steam pressure (121 
t Autoclaved for 5 hours at 15 pounds steam pressure (121°). 
t Completely dried material. 


pared to protein tyrosine disappeared on acid hydrolysis with added 
carbohydrate. 

In contrast, there is no significant loss of tyrosine on digestion of car- 
bohydrate-protein mixtures in a ratio of 1:1 with NaOH (Table II1). 
Also, no loss of tyrosine occurred when the ratio of carbohydrate to protein 
was increased to 3:1. Similar results were obtained by Lugg with free 
tyrosine and edestin (7). Digestion with alkali was adopted, therefore, 
lor routine use in preparing natural materials for assay. 
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162 DETERMINATION OF AMINO ACIDS. III 


Autoclaving of proteins at 15 pounds steam pressure (121°) for 5 hours 
with 5 N NaOH is adequate for complete liberation and racemization of 
tvrosine (Table 1V). There are indications with casein and wheat that 
prolongation of the heating time to 30 hours results in some destruction of 


TABLE II 
Effect of Added Carbohydrate on Tyrosine Content of Proteins Hydrolyzed with Acid 
The results are calculated in mg. per gm. of partially dried material. 


Ratio of carbohydrate to protein 
Protein | 


! Carbohydrate | 


added 


(Casein | None | | | 
l-Xylose_ 48 (7.7)* 46 (12)'40 (23) 36.5 (30) (37))25.5 (1) 
¢-Arabi- 48 (7.7) 45 (14) 41 (21) 
| | 
Blood None 20 


2)16.6 (17))15.4 (23) 13.8 (31) 11.9 (40)| 9.6 (62) 


meal /-Xylose 17.6 (1 
L-Arabi- 17.4 (13),17.0 (15)|14.6 (27): 
nose | | : | 
l-Tyro- None 24.8, | | | | 
sine I-Xylose 22.3 (10)/21.8 (12) 21.3 (14):20  (19){18.1 (27) 
l-Arabi- 22.5(9.3)/22 (11) 
nose | | | 


* The figures in parentheses are per cent decreases of tyrosine. 


III 
Effect of Added Carbohydrate on Tyrosine Content of Proteins Huydrolyzed with Alkali 


The results are calculated in mg. per gm. of partially dried material. 


Carbohydrate added* 


Protein 
None l-Xylose /-Arabinose 
| 48 | 49 (42.1¢ | 8 (44.2) 
Glycinin, soy bean............ | 30 (-—6.3) 31 (-—3.1) 
16.3 16.0 (—1.8) | 16.8 (+3.1) 
19.8 17.4 (—12) | 21.8 (+10) 


* An amount equal to that of protein was used. 
+ The figures in parentheses are per cent changes In tyrosine. 
t Completely dried material. 


tvrosine. Otherwise this amino acid appears to be quite resistant to heat- 
ing with alkali. Hvdrolysis of casein, blood meal, and veast with 10 per 
cent HC] is also complete in 5 hours. 

Although autoclaving for 10 hours with 5 x NaOH is used routinely, 
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2x NaOH appears to be sufficient for complete digestion (Table V). Also, 
Ba(OH)2, under the conditions described by Greene and Black (10), ean 
be used in place of NaOH. 

‘The reliability of the microbiological tyrosine values is supported by 
their good reproducibility on repeated assay (Table VI) and by the quan- 


Tasie IV 
Effect of Time of Hydrolysis with Alkali and Acid on Liberation of Tyrosine 
from Proteins 


The results are calculated in per cent of partially dried material. 


Hydro- | Hrs. of hydrolysis* 
lyzing 
5.0 5.0 is 
1.93 1.85 1.88 | 1.87 
HC | 1.83 2000 1.00 200 
Yeast, brewers’... 1 65 1 58 1 50 
Glycinin, soy bean. NaOH 3.2 20 29 24 
Beef brain$. 1.53 1 350 1 50 
Wheat, seed... 44 40 0.390 0.35 


* Autoclaved at 15 pounds steam pressure (121°). 
tin NaOH. 

110 per cent HC}. 

§ Completely dried material, 


TaBLe V 
Effect of Concentration and Type of Alkali on Liberation of Tyrosine from Proteins 
The results are calculated in per cent of partially dried material. 


NaOH*® Ba OH 
Protein 
1N ZN in Su 
0.40 0.48 0.44 0.49 | 0.51° 
0.39 0.44 0.45 | O47 
| §.2 5.0? 


* Autoclaved for 10 hours at 15 pounds steam pressure (121°). 
ft Autoclaved for 7 hours at 15 pounds steam pressure (121 


titative recovery, within 10 per cent, of tyrosine added to proteins prior to 
hydrolysis (Table VII). In the recovery experiment it was necessary to 
autoclave the mixtures containing 0.5 gm. of protein and 5 mg. of tyrosine 
for 30 hours to obtain complete racemization of the added tyrosine. The 
well known fact that amino acids with a free carboxy] group are difficult to 
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racemize (11) is demonstrated clearly ur the case of tyrosine. Although 


5 mg. of tyrosine combined in proteins can be completely racemized in 5_ 


TABLE VI 
Reproducibility of Tyrosine Values 
The results are calculated in per cent of partially dried material. 


Protein* | Assay 1 | Assay 2? | Assay 3 Assay 4 Mean 
Glycinin, soy bean..........| 3.2 ae Bee | 2.9 | 3.1 
Corn-meal....... 0.49 | | 0.48 


* Autoclaved with 5x NaOH for 10 or 20 hours at 15 pounds steam pressure (121°). 


TaBLe VII 
Recovery of Tyrosine Added to Prateins Prior to Hydrolysis* unth 5 n NaOH 
The results are calculated in mg. per gm. of partially dried material. 10 mg. of 
tvrosine were added to each substance. 


Substance Content Total Found | covery 
Linseed meal.......... A Q.4 | 19.4 | 19.7 | 101 
Beef braint.... 19.2 29.2 | 26.2 | 90 


* Autoclaved for 30 hours at 15 pounds steam pressure (121°). 
+ Completely dried material. 


TaBLe VIII 
Influence of Time on Racemization of Tyrosine with 6 nN NaOH 


Hrs. of hydrolysis* 


1(—)-Tyrosine 10 | 20 30 
Per cent tyrosine recovered 
5 | 170 | 144 | 114 | 100 
10 : 152 | 124 | 115 


| 


* Autoclaved at 15 pounds steam pressure (121°). 


hours with 5 Nn NaOH (Table IV), it is necessary to heat 5 mg. of free ty- 
rosine for 30 hours to obtain the same effect (Table VIII). 
The response of Lactobacillus delbriickii to tyrosine is quite specific. The 
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following compounds were less than | per cent as active as tyrosine on a 
weight basis: tyramine, epimephrine, phenylacetic acid, mono-N-phenyl- 
acetylethylenediamine hydrochloride, N-phenylacetylethanolamine, and 
Phenylalanine, which is a constituent 
It is of interest and also 


a-bromo-8-phenylpropionic acid. 
of the basal medium, is, of course, also inactive. 


Comparison of Microbiological 


Substance 


Wheat, seed....._. 

Flour, patent...... 

Rve, seed... 

Barley, seed..... 
Corn-meal, white.... 

Soy bean flour, defatted... 
Alfalfa meal... .. 

Yeast, brewers’. ..... 

Milk, whole... 


Banana. 
Beef muscle... 


* brain. 


Blood meal..... 


Casein, S. M. A.f... 
Gelatin, Knoxft....... 
Glycinin, soy beanf. . 
Egg albuminft 
8-Lactoglobulint. 
Tobacco mosaic virust 


Bovine serum albumint 


*For whole corn. 


t For cattle hemoglobin. 


IN 


Value x of Tw 


Per cent tyrosine in protein (N & 6.25) on dry 


Per cent Per cent 
nitrogen tyrosine 


‘dry dry Micro 
basis) basis) bio- 
- 
| 0.49 
2.20 0.49 3.4 
145 O41 3.4 
2.59 O.63 
1.65 0.53 
9.32 2.1 
2 00 O 64 
4 14 1.64 2.9 
4.54 5.0 
4.97 | 2.0 4.1 
2.86 0.56 3.1 
0.75 | 0.12 | 2.6 
11.90 | 2.5 3.4 
3.58 
14.96 2.0 2.2 

5.6 

0.4) 

3.7 

3.4 

3.6 

3.4 

5.3 


{ Autoclaved with 10 per cent HC! for 5 hours. 


essential for the assay method that Lactobacillus delbriickii is less versatile 
than the rat, which can synthesize tyrosine from the phenylalanine sup- 


plied to it (12). 


Itis apparent from Table LX that, in general, the tvrosine values obtained 
by microbiological assay for the various natural substances and purified 


with Those 


basis 


Literature values 


wt we wt 
- 
~ 


4.8 


1.3 


Per cent of dry weight | 


5.3, 6.01, 6.37 
0.3, 0.26, 0.46 
4.55 
3.93, 3.86, 3.89 
4.2, 3.78 

3.8, 3.9 

5.53 


Cited in Laterature 


(13-15) 


(4, 19, 20) 
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reterence ‘ 


(13 


13 
(13 
(13) 


(13) 
(13) 
(13) 


(13, 16, 17) 
(LS) 


(21, 22) 
(23, 24) 
(25) 
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proteins approximate values obtained with chemical methods on similar 
substances cited in the literature. However, the microbiological figures 
are almost consistently 10 to 15 per cent lower than those obtained by 
colorimetric methods. This difference is especially evident with purified 
proteins. Part or all of it may be due to differences in the samples them- 
selves. Thus the glycinin (Illini) preparation of Vickery, which contains 
3.7 per cent tyrosine by microbiological assay, has a nitrogen content of 
16.93 per cent compared to 17.74 per cent nitrogen for the glycinin (Illini) 
of Csonka and Jones, for which they obtained a value of 4.55 per cent 
tvrosine by the colorimetric method of Folin and Ciocalteu. Also, for 
some proteins, the chemical values have been corrected for ash and, in the 
case of lactoglobulin, for estimated losses of tyrosine in the assay. Such 
corrections have not been made for the microbiological values, since it is 
not certain that significant losses of tvrosine occurred during hydrolysis of 
the proteins; corrections for ash content would only slightly alter the 
microbiological values. The extensive controversy concerning the accuracy 
of the various colorimetric procedures for measuring tyrosine (4, 26, 27) 
indicates that values obtained by such methods cannot be considered as 
unqualified standards in judging the accuracy of the microbiological data. 
It mav be significant that the microbiological value of 5.3 per cent tyrosine 
(average of 5.1, 5.5, 5.4 per cent) for bovine serum albumin is in good 
agreement with the figure of 5.5 per cent obtained on the same sample by 
the accurate isotope dilution methods. 

The purified proteins were assayed for tyrosine also with Streptococcus 


faecalis (1) and essentially the same results as with Lactobacillus delbriicht — 


were obtained. There was a trend with both organisms towards slightly 
higher tyrosine values when the proteins were hydrolyzed with 10 per cent 
HC1 for 5 hours compared to hydrolysis with 5 nN NaOH for 10 hours. 
Also, somewhat better agreement at the different assay levels was obtained 
with the acid hydrolysates, especially in the case of bovine serum albumin. 
It may be preferable, therefore, to digest purified proteins with acid for 
microbiological tyrosine assays. Since digestion with acid does not 
racemize the tyrosine in the protein, assay values must not be multiplied by 
the factor of 2, as is done when alkaline hydrolvsis is emploved. However, 
alkaline hydrolysis must be used with natural substances, except possibly 
for those materials which have a ratio of carbohydrate to protein of less 
than 1:1, since hydrolysis with acid would destroy tyrosine because of 
humin formation. 

Streptococcus faecalis was used as the assay organism in the initial ex- 
periments, but was discarded because growth was frequently inhibited by 
toxic substances in alkaline hydrolysates of wheat, rve, corn-meal, flour, 
and other materials which are low in tyrosine and must be added, there- 
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fore, in relatively large amounts to the assay tubes. Unsuccessful attempts 
to eliminate the toxicity of these htdrolvsates included digestion with 
NaOH for 15 to 30 hours in place of the customary 10 hours, use of 1, 2, 
and 3 N NaOH instead of 5 N alkali, substitution of Ba(OH). for NaOH, 
and increase in incubation from 2 days to 3 or 4 days. The possibility that 
the toxicity was due to excess NaCl in the hydrolysates which formed on 
neutralization of the digests was excluded. Substitution of Lactobacillus 
delbriickii for Streptococcus faecalis eliminated the difficulty. However, 
an occasional sample will partially inhibit acid formation also by Leaeto- 
bacillus delbriickii:. This occurs usually at the highest assay level of 5 cc. 
and can be taken care of either by omitting the easily recognized incorrect 
value from the average or by repeating the assay with smaller quantities of 
the hydrolysate of the sample. With the exception of barley, corn-meal, 
egg, string bean, banana, beef muscle, beef brain, glvcinin, and bovine serum 
albumin, which were used for the first time, the substances listed in Table 
IX are the same preparations assayed for the ten essential amino acids (1). 


The authors are greatly indebted to Dr. H. B. Vickery for the glweinin 
preparation and to Dr. D. Shemin for the sample of bovine serum albumin. 


SUMMARY 


The previously developed basic microbiological assay method for the 
determination of the ten essential amino acids in proteins and foods has been 
extended to include the assay of tyrosine. The method is based upon the 
quantitative response of Lactobacillus delbriickii to increments of 0 to 
100 y of tyrosine as measured by titration with 0.1 N NaOH of the lactic 
acid produced during growth. The reliability of the method is supported 
by the good agreement of values for different amounts of sample assayed, 
reproducibility of values on repeated assay, and by the quantitative re- 
eovery, within the usual microbiological variation of 10 per cent, of tyrosine 
added to proteins prior to hydrolysis. As much as 3) per cent of the 
tyrosine in foods with a high carbohydrate content may be lost owing to 
humin formation if hydrolysis with acid is emploved. Such losses do not 
occur when hydrolysis is carried out with alkali. This proceedure ix ac- 
cordingly routinely applied to all natural materials. Either acid or alkali 
may be used to hydrolyze purified proteins. The microbiological tyrosine 
values for the fifteen natural materials and seven purified proteins assayed 
are in fair agreement, in most instances, with chemical values on similar 
substances cited in the literature. 
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THE SYNTHESIS OF ISOCITRIC ACID 
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(From the Biochemical Laboratory of the Connecticut Agricultural Experiment 
Station, New Haven) 


(Received for publication, January 22, 1946) 


Present day interest in the rdle of isocitric acid in the metabolism of 
many animal and plant tissues has created a need for this somewhat rare 
substance. The naturally occurring optically active isomer of isocitric 
acid is, of course, desirable for use as a substrate for the investigation of 
enzyme reactions. Work is now in progress with the objeet of simplify- 
ing the preparation of this isomer from the leaves of certain members of 
the family Crassulaceae, in particular trom the leaves of Bryephyllum 
calycinum, in which it is normally present to the extent of 8 to 10 per cent 
or more of the drv weight (1, 2). Nevertheless the racemic acid is useful 
for many purposes and attention has accordingly been given to the swn- 
thesis of this substance. 

Three methods for the synthesis of isocitric acid or of its lactone have 
been described. The method of Fittig and Miller (3) depends upon the 
condensation of chloral with sodium succinate in the presence of acetic 
anhydride and subsequent hydrolysis of the resulting trichloromethyl- 
paraconic acid to isocitric acid; this is isolated as the lactone. The method 
of Wislicenus and Nassauer (4) depends upon the condensation of diethy! 
oxalate and diethv] succinate to oxalosuccinic ester which is reduced with 
sodium amalgam to triethyl isocitrate; saponification and dehydration 
lead to the lactone. The third method is that of Greenstein (5, 6) who 
obtained isocitric lactone from a-aminotricarballylic acid after treatment 
with nitrous acid and dehydration; this was not advocated as a practical 
method for synthesis in quantity. 

The method of Fittig and Miller was emploved by Nelson (7) and by 
Krebs and Eggleston (2). Martius (8) also prepared synthetic isocitric 
acid, but the method he used was not mentioned.' Martius and also 
Krebs and Eggleston observed that 50 per cent of their synthetic isoeitrie 
acid reacted when treated with aconitase: it is to be inferred, therefore, 
that their preparations contained only the naturally oecurring acid and its 
enantiomorph. ‘This is surprising, for inasmuch as isocitric acid contains 
two centers of asymmetry the synthetic process would be expected to give 


to two racemic diastereoisomers. One of these, dl-isoecitrie acid, 


'In addition, Martius prepared optically active isocitrie acid, although in poor 
yield, by the action of liver aconitase upon cis-aconitic acid. He likewise states 


that he succeeded in obtaining small amounts from citric acid by the same means 
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should behave as Martius and Krebs have observed; the other, which 
may be referred to as dl-alloisocitric acid, should consist of a pair of enap. 
tiomorphs neither of which corresponds to the natural substance, 

In this connection, it is significant that the vield reported by Krebs and 
Eggleston was only 60 per cent, and that Martius remarked that several 
recrystallizations were required to secure a product of satisfactory melting 
point. Thus in both cases there is a possibility that alloisocitrie acid may 
have been present in the reaction mixtures but was removed during the 
punfication. 


Fittig and Maller Method 


In the present study of the synthetic method of Fittig and Miller, it 
was found that the hydrolysis of trichloromethylparaconic acid with 
barium hydroxide gives isocitric acid to the extent of 95 per cent, as de- 
termined by titration. From 97 to 99 per cent of this could be isolated as 
substantially pure lactone, as was revealed by titration before and after 
opening the ring with warm dilute alkali. Nevertheless fractional erys- 
tallization of the lactone from ethyl acetate gave only trom 80 to 85 per 
cent of material of a melting point of 162—163°, which was unchanged on 
recrystallization. From the mother liquors, a much more soluble product 
was secured in a vield of about 7 per cent of the lactone subjected to frac- 
tionation. Although titration of this fraction yielded values in good 
agreement with that calculated for pure isccitric lactone, the preparation 
gave every evidence of being a mixture. It melted over the range 135- 
138° and vielded derivatives that were also mixtures. Reerystallization 
of the derivatives, however, gave products in small vield that corresponded 
in properties with those obtained from the main lot of lactone. These 
were separated from larger proportions ot what were clearly derivatives of 
an isomer of isocitric lactone. ‘The p-bromophenacyl esters were particu- 
larlv satisfactory for this separation. The main component of the frac- 
tion thus appeared to be alloisocitric lactone. This substance was not 
itself obtained in a satisfactorily pure state; several different derivatives 
were, however, successfully purified, and in all cases mixtures of the re- 
spective derivatives of the racemic diastereoisomers melted at depressed 
temperatures, 

In general, the preparation of the derivatives from mixtures presumed 
to be rich in alloisocitrie acid or its lactone was far more difficult than from 
the purified crystalline lactone secured as the main product of the Fittig 
and Miller method of synthesis. The derivatives of alloisocitric lactone 
(or acid) separated slowly and in poor vield and were, as a rule, consider- 
ably more soluble in the solvents employed than were the derivatives of 
the other isomer. 
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Wislicenus and Nassauer Method 


These conclusions respecting the nature of the preparations of twocitric 
lactone obtained by the Fittig and Miller method were supported by of- 
servations made in the course of a study of the Wislicenus and Nassauer 
method. Triethyl isocitrate was obtained in approximately 80 per cent 
vield by the reduction of oxalosuccinic ester, and hydrolysis gave a quan- 
titative vield of isocitric acid, as measured by titration. The behavior of 
the product that resulted after conversion of the ester through the barium 
salt to the lactone was, however, quite different from that synthesized by 
the Fittig and Miller method. - The viscous sirup failed to deposit erye- 
tals even on long standing, although titration before and after treatment 
with warm alkali showed it to contain at least 95 per cent of the lactone, 
the balance being isocitric acid. Finally, by treatment with a relatively 
small proportion of ethyl acetate, a colorless solid which melted at 148- 
149° was obtained in about 50 per cent yield. Recrystallization from ethy! 
acetate and toluene converted about two-thirds of this material into a 
product that melted at 162—163° and corresponded in all properties with 
the main product obtained by the Fittig and Miller method. 

The mother liquors were subjected to an elaborate fractional crystalliza- 
tion process. After the separation of a few negligibly small crops of erys- 
tals which were apparently rich in the isomer mentioned above, as evi- 
denced by melting points such as 148° and 150°, somewhat less than half 
of the lactone present in the solution was obtained as a fraction that melted 
at 134-137°. The vield of this product was thus about 20 per cent of the 
total lactone taken. By recrystallization from ethyl acetate-toluene 
mixtures, a quantity that corresponded to about 8 per cent of the lactone 
subjected to fractionation was separated as a product that melted at 135 
138°. This resembled the small] fraction of similar melting point range, 
rich in alloisocitric lactone, obtained by the Fittig and Miller method, 
there was no depression of the wide melting point range when the two 
products were mixed. Furthermore, the p-bromophenacyl ester vielded, 
on recrystallization, a product identical in melting point with that of allo- 
isocitric lactone and mixtures of the two preparations showed no depres 
sion in melting point. 

These observations permit the conclusion that both the Fittig and Miller 
and the Wislicenus and Nassauer methods of synthesis of isocitrie acid 
lead, as might be anticipated, to mixtures of both racemic varieties. It 
fortunately happens, however, that the mixture obtained by the Fitti« 
and Miller method consists very largely, possibly to the extent of 85 per 
cent, of the isomer which is the racemic form of the acid that occurs in 
nature. On the other hand, as the mixture obtained by the Wislieenus 
and Nassauer method contains the two isomers in more nearly equal 
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proportions, their separation is difficult and the yields of the desired prod. 
uct are necessarily low. No satisfactorily pure specimen of alloisocitrie 
lactone was secured, although small specimens of derivatives of it were 
isolated in pure form. 

A number of observations in the literature on the behavior of synthetic 
isocitric lactone can be accounted for in the light of these conclusions. 
The melting points of the products obtained by those who have emploved 
the Fittig and Miller synthesis (160—-161° in the original paper, the same 
in Nelson’s, 163° in Krebs and Eggleston’s, 164° in Martius’, and 162-163° 
in the present work) are consistent and are to be contrasted with that 
(120-130°) recorded by Wislicenus and Nassauer and with the value 148- 
149° for the first crop of lactone obtained by their method in the present 
work, as well as with those of several fractions separated during the re- 
crystallization of the product. It seems evident that investigators who 
have employed the Fittig and Miller method have in fact obtained homo- 
geneous material after sufficient purification, and the statements by Mar- 
tius and by Krebs that the products reacted to the extent of exactly 50 per 
cent under the influence of aconitase are thus comprehensible. Martius’ 
statement suggests indeed that he made use of the Fittig and Miller 
method for the synthesis of his preparation. 

Although Nelson did not prepare the lactone from the ester he syn- 
thesized by the Wislicenus and Nassauer method, he did prepare the tn- 
hydrazide. His statement that this “thas not been obtained in a state of 
absolute purity” indicates that difficulties were encountered in the char- 
acterization. 

The pure lactone of optically active naturally occurring isocitric acid 
melts at 153-154° (1, 9), about 10° lower than the purified synthetic racemic 
variety. It may accordingly be inferred that the specimen of synthetic 
lactone secured by Greenstein: (6) from a-aminotricarballvlic acid, and 
which he recorded as melting at 153°, was probably a mixture of the two 
diastereoisomers which chanced to melt at the same temperature as the 
lactone of the natural acid. It is to be noted that the yield of lactone he 
obtained from the barium salt of the synthetic acid was only 45 per cent 
(0.6 gm. from 3 gm. of anhydrous barium salt). This fact, together with 
the depressed melting point of the product, suggests that isocitric lactone 
obtained by Greenstein’s method of synthesis is probably a mixture of the 
isomers in a proportion not unlike that given by the Wislicenus and Nas- 
sauer method. 


Derivatives of Isocitric Acid 


Hydrazides—The trihydrazide of isocitric acid has not proved in the 
past to be particularly useful for the characterization of isocitric acid 
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whether of the optically active natural isomer (1) or of the mixture of 
isomers obtained by synthesis (7). There is still considerable uncertauts 
regarding the correct melting point of the trihydrazide of the natural acu, 
values of 201—202° (9), 196-197° (7), and 195-196° (1) having been re 
corded. These are, however, unusual observations; most preparations 
obtained in practice from natural sources melt within a few degrees of 
181°. 

The trihvdrazide obtained from the ester svnthesized byw the Fitte 
and Miller method melted at 199-201°. It separated promptly and im 
almost quantitative yield, behaving in general like the trihvdragide of 
the natural isomer. 

The trihydrazide obtained from the ester svnthesized by the Wisheenus 
and Nassauer method separated slowly in a vield that rarely exceeded 40 
per cent and melted at 180-185°. By spontaneous evaporation of the 
mother liquor, a second crop of hydrazide was secured whieh melted at 


194-197°. A mixture of this second crop with the product secured by the 


Fittig svnthesis melted at 185-188°. The evidence points again to the 
complexity of the mixture of substances obtained by the Wisheenu. 
method, but the instability of the trihvdrazides on reervstallization ren 
dered purification difficult. The use of the hvdrazices for characteriza 
tion was accordingly abandoned. 

p-Bromophenacyl Esters—Ot the several derivatives of isecitrie aed 
that have been examined, the p-bromophenacy! esters (10) have prowed 
to be the most useful for the separation and identification of the isomers 
The di-p-bromophenacy] ester of d/-isocitric lactone is readily obtaimed 
in a yield of about 64 per cent; it is nearly insoluble in hot absolute aleolhel 
and melts at 189-190°. The corresponding compound of dl-alloiseeit rie 
lactone was secured in a vield of about 46 per cent from the impure prepars- 
tions of the lactone obtained by the Fittig and Miller method. Thi« 
substance is moderately soluble in hot alcoho) and accordingly can be 
separated by extraction from the smal] quantity of the d/-isoeitrie lactone 
derivative that was present in the preparation. It separated in pure form 
when the solvent was cooled, as shown by the fact that the melting point of 
1533-154° was not changed by further reervstallization. These deriva. 
tives thus permit clear and positive differentiation of the isomeric lactones. 
Mixtures of the two products melt to turbid oils at temperatures inter- 
mediate between the melting points of the individual substances. 

Substituted Benzyl Pseudothiouronium Salts—S-Benzyl pseudothioure- 
nium chloride (11) did not yield a satisfactory compound with isoecitrie 
lactone but the p-chloro derivative (12) of the reagent gave in 73 per cent 
yield a salt which melted at 167—168° after reerystallization. The prep- 
aration rich in alloisocitric lactone, however, gave oily products which 
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could be induced to erystallize with difficulty. After purification, this 
compound also melted at 167—168°, but a mixture in equal proportions 
with the corresponding isocitric acid derivative melted at 160-161°. In 
a further attempt to find a useful reagent for the characterization of the 
two lactones, p-nitrobenzyl pseudothiouronium chloride was_ prepared 
essentially as described by Donleavy (11). A well ervstallized salt with 
melting point of 153-155° was obtained from isocitric lactone with this 
reagent. Alloisocitric lactone on the other hand vielded an oil that de- 
posited crystals only after long standing. The crude product decomposed 
at 176° but could be separated by means of alcohol into unchanged reagent 
and substances that decomposed between 150—-160°. None of the deriva- 
tives of this tvpe therefore held promise of serving tor the separation of the 
isomers of isocitric lactone. 

p-Toluidine Salts—When isocitric lactone dissolved in ethyl] acetate is 
treated with p-toluidine dissolved in toluene, a crystalline salt promptly 
precipitates. A monosalt is formed if 1 mole of base is added, a disalt 
in the presence of 2 or more moles. The monosalt separates in a yield of 
about 90 per cent and can be reerystallized from alcohol. After being 
dried 7n vacuo, it melts at 144° and decomposes at 146-148°. The disalt 
separates in even higher vield but is difficult to obtain uncontaminated 
by the monosalt. After recrystallization from ethyl acetate in the pres- 
ence of excess toluidine, the preparation melted with decomposition at 
155-156°. When recrystallized without the addition of toluidine, the 
chief product was the monosalt. 

A preparation of the disalt otf alloisocitric lactone was obtained in a 
similar manner but the ecrvstals separated slowly and the yield was not 
greater than 57 per cent. After being recrystallized, the compound melted 
at 133° and decomposed at 140°. A mixture of equal parts of the isomerie 
disalts melted at 127° and decomposed at 131°. 

Although these toluidine salts have no especial value for precise charac- 
terization or for the separation of the isomers, the disalt has potentialities 
for the purification of isocitric lactone on the large scale because of the 
high yield that can be obtained. The lactone can be recovered from the 
salt by extraction with ether under suitable conditions. 


Trichloromethylparaconic Acid 


The presence of widely different proportions of isocitric and alloisocitrie 
acids in the material obtained by the Fittig and Miller method raises the 
question of the homogeneity of the preparation of the intermediate tn- 
chloromethylparaconic acid. The tests that have been made by means 
of the melting points of successive fractions obtained in the course of 
recrystallization from water gave no evidence of significant separation oi 
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isomers. Although the final crop, amounting to about 4 per cent of the 
sample taken, melted at a somewhat depressed temperature, titration 
indicated the presence of a contaminant with a lower neutralization equiva- 
lent, possibly the dicarboxylic acid formed by the opening of the lactone 
ring during the evaporation of the mother liquors. 
The p-bromophenacyl derivative was an oil which failed to crystallize. 
. The p-chlorobenzyl pseudothiouronium salt, however, had excellent 
properties; the yield from the first crop of trichloromethylparaconic acid 
was 88 per cent and the melting point, after recrystallization, was 134 
134.5°; analysis, N 6.32, theory for CyHyOyNeSCh, N 6.25 per cent. 
The final crop of trichloromethylparaconic acid, which was presumably 
somewhat impure, gave the derivative in 75 per cent vield and with the 
same melting point after being recrystallized; an equal mixture of the two 
preparations melted at 131-132°. This small depression could not be 
regarded as conclusive proof of the presence of isomers. 
The instability of trichloromethylparaconic acid suggested that the 
demonstration of inhomogeneity would be a matter of some difficulty. 
A study of the solubility has not been attempted. 


EXPERIMENTAL 


Sodium Succinate—The hexahydrate was prepared by adding a slight 
excess (334 ml.) of 18 nN sodium hydroxide to 354 gm. (3 moles) of succinic 
acid dissolved in 600 ml. of water. After filtration and neutralization to 
phenolphthalein by the addition of sufficient powdered succinic acid to the 
hot solution, 797 gm. (98.5 per cent) of crystals were obtained in succes- 
sive crops by evaporation of the mother liquors. The salt was dehydrated 
to constant weight at 105-110°, rather than at 140° as recommended by 
Fittig and Miller. 


Trichloromethylparaconic Acid—Study of the details of the synthesis as 
described by Fittig and Miller? resulted in a number of changes that 


?Fittig and Miller recommended a reaction temperature of 110-120° and a heating 
period of 3 to 4 hours. They considered the reaction to be complete at the time the 
mass becomes black and suddenly expands in volume. In the present work, low 
yields were obtained at temperatures below 120° even when the time was prolonged 
to6 hours. The evolution of gas was not a satisfactory criterion of the end of the 
reaction, yields of only about 30 per cent being obtained if isolation was attempted 
at this stage. Because of the strong tendency to form emulsions, the separation of 
the greater part of the acid by direct crystallization was a marked improvement over 
extraction with ether, as practiced by Fittig and Miller. The recovery of the small 
residual quantities of acid in the mother liquor by ether extraction then presented no 
difieulty. Hydrochloric acid is to be preferred to sulfuric acid for the acidifieation, 
a8 sodium sulfate may become a troublesome contaminant. Reerystallization from 
carbon tetrachloride rather than from water is more satisfactory, since both succinic 
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contributed greatly to the vield and purity of the product. The most 
advantageous procedure found was as follows: A mixture of 50 gm. of 
powdered anhydrous sodium succinate and 48 gm. of anhydrous chloral 
in a 500 mi. flask was rapidly stirred mechanically at room temperature 
while 31.5 gm. of acetic anhydride were slowly added. A reflux condenser 
was attached and the oil bath surrounding the flask was then heated to a 
temperature of 140° during 15 minutes and subsequently maintained 
within 2° of this temperature, efficient stirring being continued. A color- 
less solid soon separated and the mass began to darken. After about 30 
minutes, a sudden evolution of gas occurred. Heating was continued 
for a total of 65 minutes from the time the bath reached 140°. The black 
mixture was cooled to 105° and 200 ml. of hot water were slowly added. 
The tarry mass was broken up with a rod and heated on thesteam bath 
until it was largelv in solution, the extract was decanted, and the residual 
tar was dissolved by treatment with successive portions of hot water. 
The final solution, which amounted to 600 ml., was heated with 30 gm. 
of norit and filtered hot, 700 ml. of hot water being used to wash the norit. 
The clear pale brown solution was concentrated in vacuo to dryness with 
the aid of a few drops of Turkey-red oil to control frothing. The residue 
of sodium salt was dissolved as far as possible in 200 ml. of hot water and 
60 ml. of concentrated hydrochloric acid were added. ‘The solution was 
chilled in an ice bath and stirred during the crystallization of the acid. 
After being chilled overnight, the crvstals were filtered, washed with 250 
ml. of ice water, and dried in air; vield about 51 gm., melting point 97°. 
The mother liquor was shaken successively with 150, 100, and 70 mi. 
quantities of ether, and the combined extracts were washed five times 
with a little water. The ether was distilled and the residual oil was 
dissolved in the minimal amount of hot water; 4.6 gm. crystallized, melt- 
ing point 97°. The total vield was 73 per cent of the theoretical amount; 
in similar experiments in which unchanged succinic acid was recovered, 
it corresponded to 81 to 86 per cent of the succinate consumed, On 
recrystallization from carbon tetrachloride (10 ml. per gm.) with the use of 
norit-a 96 per cent recovery was secured of a product of melting point 
95-97°; analysis, Cl 43.0, theory for CeHsCls0;, Cl 42.98 per cent. It was 
necessary to dry the crystals in a current of air heated to 70° to free them 
completely from the solvent. 

Barium Isocitrate—218 gm. of hydrated barium hydroxide (about 10 
per cent excess over theory) were dissolved in 400 ml. of hot water and 


acid and sodium chloride remain insoluble, and there is no tendency towards the 
formation of an oily product. The solubility of trichloromethylparaconic acid in 
carbon tetrachloride is about 8 per cent at boiling temperature and is less than 04 
per cent in the cold. 
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fitered into a 1 liter flask in an oil bath heated to 90-95", and the residue 
of barium carbonate was washed with 100 ml. of hot water. ‘The stirring 
mechanism was started and 50 gm. of trichloromethylparaconic acid were 
added at such a rate that no violent frothing occurred. This operation 
required about 20 minutes, The bath was then heated to 120° and main- 
tained at this temperature for 2.5 hours with constant stirrmg. ‘The hot 
solution was filtered®? and the barium salt was washed with 700 mil. of 
boiling water, suspended twice successively in 35 per cent aleohol and then 
in strong alcohol, and was finally washed with ether. After being dried 
in air, the product weighed 80.8 gm. 

The salt that separates under the conditions described is a monohydrate 
and it is invaniably contaminated with a trace of bartum chlomde. Hi a 
more dilute solution of barium hydroxide is emploved for the hydrolysis, 
the salt has the composition of a tetrahydrate. ‘The monohydrate is 
obtained in a vield of about 98 per cent after correction for the barium 
chloride in the preparation; the vield of the higher hydrate is somewhat less 
owing to its greater solubilitv. The higher hydrate loses 1 molecule of 
water at 105°; the monohydrate is stable at this temperature; both salts 
can be dehydrated at 170°. All preparations examined were somewhat 
low in barium, the average of five lots being 51.6 per cent instead of the 
theoretical 52.16 per cent for the anhydrous salt. The barium chloride 
content of the preparations, calculated as the dihydrate from a chloride 
titration, ranged from 0.3 to 1.0 per cent. 

Isocitric Lactone (Mixture of ITsomers)—-Barium isocitrate monohydrate 
equivalent to 315 gm. of anhydrous salt was added slowly to a rapidly 
stirred mixture of 135 ml. of 18 N sulfuric acid* and 2500 ml. of warm wate 
The suspension was digested on the steam bath for a short time and the 
small excess of sulfuric acid was then quantitatively removed by the ad. 
dition of the requisite amount of cold barium hydroxide solution. The 
barium sulfate was centrifuged and washed three times with hot water 
and the solution was concentrated in vacuo to | liter. It was then boiled 
with 10 gm. of norit, filtered, and further concentrated to 500 ml. Titra 
tion of an aliquot showed the presence of 145 gm. of isocitrie acid instead of 
the theoretical 153 gm. Another aliquot was boiled with a slight excess 
of alkali and titrated with acid; there was no difference in acid content of 
the solution, showing that no significant lactonization had oeeurred up to 
this stage. 

A portion of the solution that contained 107.3 gm. of isocitric acid was 
concentrated to a sirup which was heated in a boiling water bath for 10 
minutes under atmospheric pressure. The vessel was then evacuated and 


* Barium isocitrate has a negative temperature coefficient of solubility 
*A mixture of equal volumes of concentrated sulfurie acid and water. 
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heating continued while the sirup began to crystallize. This treatment 
was repeated several times. The mass was twice heated for 15 minutes 
with 250 ml. portions of toluene which was then distilled off in vaeyg. 
The residue was transferred to a mortar with the aid of about 60 ml. of 
warm ethyl acetate and was warmed and ground until all had been con- 
verted to a granular solid. This was suspended in 300 ml. of toluene, 
heated to boiling, and chilled overnight. After being filtered, washed 
with toluene, and dried at 100°, the yellowish brown crude product weighed 
96.6 gm., sintered at 142°, and melted at 152°.5 

Fractionation of Diastereoisomers of Isocitric Lactone— A suspension of 
106 gm. of crude lactone in 400 ml. of ethyl acetate was boiled gently for 
30 minutes, chilled overnight, and filtered. The crystalline solid was 
washed with cold solvent and dried at 100°; it weighed 71.8 gm. and melted 
at 162-163°. The product was free from aconitic acid and the melting 
point was unchanged by recrystallization. 

The mother liquor was concentrated in vacuo to 75 ml., heated to boil- 
ing, and 50 ml. of hot toluene were added. ‘The crystals that separated 
after the solution had been chilled weighed 20.6 gm., and melted at 158°: 
nevertheless titration gave figures that corresponded to pure lactone. 
The material was recrystallized from a mixture of 100 ml. of ethyl acetate 
and 50 ml. of toluene, when 17.1 gm. of lactone of melting point 162-163° 
separated. The combined yield of lactone of this melting point was 88.9 
gm. or 83.8 per cent of the crude material subjected to fractionation; 
analysis,® C 41.38, H 3.60; theory for CsH¢Q¢, C 41.39, H 3.47 per cent. 

The combined mother liquors were evaporated to 15 ml. and an equal 
volume of ethyl acetate was added. Crystals began to separate after 24 
hours, 8.4 gm. being finally collected. This material also gave titration 
figures that corresponded to those to be expected of pure isocitric lactone, 
but it melted at 118-120°; 7.0 gm. of the preparation were recrystallized 
from a mixture of 50 ml. of hot ethyl acetate and 15 ml. of toluene. The 
oil that began to separate was redissolved by warming the solution after 

> The melting point of the crude lactone varied according to the quantity of ethy! 
acetate used in granulating the material, higher melting points being obtained if 
more of this solvent were employed. A series of nineteen preparations (mostly on 4 
2 gm. scale) gave melting points in the range 140-160°, although all were found to 
contain at least 98 per cent of lactone. The analysis was carried out upon 100 mg. 
samples, one of which was titrated with 0.1 ~ alkali to phenolphthalein, a second 
being treated with a known excess of about 10 ml. of 0.1 N alkali and boiled for 10 
minutes before being titrated back with 0.1 N acid. The titration of the preparation 
described showed that 100 mg. contained 99.1 mg. of isocitric lactone. It gave 4 
faint positive color test for aconitic acid with acetic anhydride and pyridine. 

® Grateful acknowledgment is made to Mr. William Saschek of the Department of 
Biochemistry of the College of Physicians and Surgeons, Columbia University, New 
York, for this and other elementary analyses in this paper. 
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the addition of 3 ml. more of ethyl acetate. Crystals then formed slowly ; 
the 5.2 gm. which finally accumulated sintered at 133° and melted at 136 
138° to a turbid oil. The product was free from aconitie acid and by 
titration contained 99.9 per cent of lactone. From the mother liquors, 
a further 0.8 gm. of lactone was secured together with 0.037 em. of crude 
aconitic acid, m.p. 193-194°, and 0.2 gm. of lactone contaminated with 
aconitie acid. 

The fraction of melting point 136-138" was separated im a total vield of 
6.8 per cent from the crude lactone. It was obviously not homogeneous 
but its high content of alloisocitric lactone was confirmed by the prepara- 
tion of the p-bromophenacy! esters. 

p-Bromophenacyl Esters of Isomeric Isocitrie Lactones— A solution ot 
200 mg. of purified isocitric lactone of melting point 162-163° in 6 ml. 
of water was neutralized to phenolphthalein with 4.1 ml. of 0.56 ~ lithium 
hydroxide; 649mg. of p-bromophenacy! bromide dissolved in 10 mil. of 
hot absolute alcohol were added and the mixture was boiled under a reflux 
condenser for 2 hours and then chilled. The product separated in fine 
needles that weighed 417 mg., a vield of 64 per cent, and melted at 180 
190°. The melting point was unchanged by repeated reerystallization. 
The ester is very slightly soluble in hot absolute aleohol; analysis, C 46.51, 
H 2.99, Br 27.97; theory for CxHyOsBre, C 46.50, H 2.84, Br 28.13 per 
cent. 

When treated in a similar manner, 100 mg. of the fraction of isocitric 
lactone that melted at 136-138° vielded 150 mg. of ester or 46 per cent of 
theory. The product was boiled with 25 ml. of absolute alcohol and fil- 
tered from an insoluble residue of 38 mg. This residue, when reerystal- 
lized from an ethyl acetate-aleohol mixture, melted at 189-190° and, when 
mixed with an equal quantity of the above derivative of the same melting 
point, showed no depression. The hot alcohol extract when cooled de- 
posited 100 mg. of rosettes of fine needles which melted at 153—154° and 
were unchanged in melting point after four recrvstallizations; analysis, 
C 46.42, H 2.96, Br 27.95 per cent. This was accordingly a pure specimen 
of the derivative of dl-alloisocitric lactone. A mixture in equal propor- 
tions of the purified specimens of the two isomeric derivatives gave at 162° 
a turbid oil which became clear at 170°. 

Because of the low initial yield of these derivatives, it is impossible to 
estimate closely the relative proportions of isocitric and alloisocitrie lac- 
tone in the fraction that melted at 136-138°. However, of the material 
actually brought to crystallization, it is clear that about two-thirds con- 
sisted of the derivative of the allo variety. 

p-Chlorobenzyl Pscudothiouronium Salts—The salt was prepared essen 
tially as described by Dewey and Sperry (12) from the lactone that atte 
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at 162-163°, the yield being 73 per cent. The product, after recrystallizg- 
tion from water, melted at 167-168°; analysis, @ 45.89, H 4.34, Cl 12.05; 
theory for 45.91, H 4.20, 12.32 per cent. 

The sample rich in alloisocitric lactone gave, under the same circum. 
stances, an oily product that was obtained crystalline with great difficulty 
and in poor yield. After recrystallization it also melted at 167-168". 
a mixture with the other isomer melted at 160-161°. The derivative was 
unsatisfactory for identification purposes and was not analyzed. 

p-Nitrobenzyl Pseudothiouronitum  Salts—p-Nitrobenzyl pseudothio- 
uronium bromide was prepared according to the directions of Donleayy 
for the benzyl derivative, and the ester with isocitric lactone of melting 
point 162—163° was obtained, as described by Dewey and Sperry. The 
product separated in a yield of 72 per cent and was recrystallized from 
water. It melted at 153-155°; analysis, C 43.66, H 4.32; theory for 
Nome, C 44.29, H 4.05 per cent. 

The alloisocitric lactone derivative was not obtained in satisfactorily 
homogeneous condition. 

Toluidine Salts—Vo 1 gm. of isocitric lactone ot melting point 162-163° 
in 40 fl. of dry ethyl acetate was added 0.7 gm. (1 equivalent = 0.62 
gm.) of toluidine in 5 ml. of dry toluene. The salt began to separate within 
2 minutes and 1.15 gm. were collected after the solution had been chilled 
overnight. The mother liquor yielded 0.33 gm. on concentration, a total 
of 90 per cent. After recrystallization from absolute alcohol, it sintered 
at 142° and decomposed at 146-148°; analvsis, N 5.00; theory for C);Hy- 
ON, N 4.98 per cent. 

The ditoluidine salt could be obtained either by recrystallizing the 
monotoluidine salt from ethyl acetate in the presence of an excess over a 
second equivalent of base, or from the lactone by employing approxi- 
mately 3 equivalents. It separated in nearly quantitative yield as long 
narrow prisms. The best preparations decomposed near 155° but all 
were somewhat low in nitrogen (e.g. 6.85 instead of the theoretical 7.21 
per cent) and it is doubtful that a homogeneous product was secured, the 
chief contaminant probably being the monosalt. The disalt could be 
recrystallized without decomposition only when excess of base was pres 
ent. 

The ditoluidine salt of alloisocitric lactone separated slowly and in 4 
vield of only 57 per cent under the same conditions. It melted to a turbid 
oil at 133° and decomposed at 140°. This behavior was unchanged after 
recrystallization, but a mixture with the isomeric salt melted at 127° 
and decomposed at 131°. Since the product was not secured in pure form, 
no analysis was made. 

Oxalosuccinic Ester—-The procedures of Wislicenus (13) and of Blaise 
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and Gault (14) were followed with minor modifications, commercial sodium 
methylate being used as condensing reagent. The product, after being 
dried in vacuo, vielded 32.75 per cent of oxalic acid on hydrolysis in alka- 
line solution; theory tor CysfH,)sO7, 32.84 per cent. In different prepara- 
tions, the vield ranged from 80 to 87 per cent of crude ester, based on the 
sodium methylate used, and 72 to 78 per cent of ester purified through 
the potassium salt and corrected for the diethyl] succinate recovered. 

Triethyl Isocitrate by Method of Wislicenus and Nassauer— Repetition of 
the reduction of oxalosuccinic ester with sodium amalgam in aqueous 
suspension according to the conditions advocated by Wislicenus and 
Nassauer gave about 50 per cent of theory of an oil of which only about 
70 per cent was triethyl] isocitrate. The low boiling fraction (55-60° at 
3mm.) was rich in diethyl succinate (identified by means of the dihvdra- 
mide of melting point 164—-165°). The aqueous solution, aiter extraction 
with ether, vielded an appreciable quantity of isocitrie acid as the barium 
salt. 

As the combined vield was still unsatisfactory, a study of the reduction 
reaction was undertaken. The most important modification developed 
was the use of alcohol and water mixtures rather than water as the reae- 
tion medium. ‘This change increased the vield and eliminated the forma- 
tion of significant quantities of diethyl succinate. However, the formation 
of isocitric acid subsequently isolated from the aqueous phase was again 
observed, which suggested that saponification of part of the ester may have 
taken place in the faintly acid solution (see (15)). 

The conditions finally adopted were as follows: 25 gm. of oxalosuccinic 
ester were dissolved in a mixture of 125 ml. of alcohol and 225 ml. of water, 
and 3 per cent sodium amalgam (16) was added at the rate of about 45 
gm. per hour with continuous mechanica) shaking until 400 gm. had 
been used. The reaction was maintained at or near pH 5 (Congo paper 
by the dropwise addition of 18 N sulfurie acid at 15 minute intervals. 
Shaking was then continued for an additional 6 hours. The following 
morning the solution was adjusted to pH 5 and 10 gm. more of amalgam 
were added. After being shaken for | hour, the mixture was alkaline to 
Congo red and acid to litmus. During the entire process, from 12 to |4 
ml. of sulfuric acid had been added. The suspension of sodium sulfate in 
the reaction flask was decanted from the mercury and washed on a funne! 
successively with cold water and with 50 per cent aleohol. The filtrate 
was concentrated in vacuo and, after the alcohol had been removed, was 
acidified with 2 ml. of 18 ~ sulfuric acid and extracted with ether. The 
extract gave a faintly positive test with ferric chloride for oxalosuceimic 
ester. This was removed by repeated treatment with a mixture of 20 
per cent aqueous sodium sulfate solution and | N potassium carbonate in 
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the proportions of 3:2 and used in 25 ml. portions until the wash fluid wag 
permanently alkaline. The ether extract was then washed with 20 per 
cent aqueous sodium sulfate until neutral and was dried with anhydroys 
sodium sulfate. Unchanged oxalosuccinic ester to the extent of 1.1 gm, 
was recovered from the potassium carbonate washings. ‘The triethy| 
isocitrate that remained after distillation of the ether weighed 15.8 gm., 
a yield of 66 per cent of theory based on ester reduced. 

The aqueous solution that remained after extraction of the ester was 
treated with 2.5 volumes of alcohol and chilled. The sodium sulfate that 
separated was removed and washed with dilute alcohol and the filtrate 
was concentrated in vacuo to 300 ml. To this were added 25 gm. oj 
barium hydroxide octahydrate in 100 ml. of hot water and the mixture 
was heated on the steam bath for 2 hours. The barium salt was isolated 
and decomposed and, after concentration of the solution, acidity equiva- 
lent to 3.82 gm. of isocitric acid was found (equivalent to 5.5 gm. of tries- 
ter), indicating that the total vield may have been as great as 89 per cent. 
After esterification, 4.9 gm. of triethyl] isocitrate were recovered and added 
to the main fraction. Distillation of the 20.75 gm. of ester gave 2 drops 
at 55° and 4 mm. (presumably diethyl succinate) and 19.66 gm. at 143- 
144° at the same pressure. The distillation residue weighed 0.35 gm. 
Isocitric ester was thus recovered in a yield of 94.7 per cent from the erude 
material and the yield of distilled ester was 82.2 per cent of theory, based on 
the oxalosuccinic ester actually reduced. In the interests of brevity, this 
material will be referred to as WN ester. 

Isocitric Lactone (Mixture of Isomers from WN Ester)—18.4 gm. of 
triethyl isocitrate were saponified with barium hydroxide and the free 
acid was concentrated to a sirup and heated in vacuo tor several periods 
amounting in all to nearly 2 hours. The use of toluene to promote de- 
hydration was found inadvisable, since it gave rise to darkening and 
strong color tests for aconitic acid were then obtained. In none of several 
experiments was crystallization of the lactone observed, as was invaniably 
the case with material obtained by the Fittig method. The product was 
a pale yellow and highly viscous sirup and contained 12.9 gm. of isocitne 
acid isomers by titration after hydrolysis of the lactone ring; calculated 
12.8 gm. 

The sirup was dissolved in 35 ml. of hot ethyl acetate, filtered froma 
trace of barium sulfate, concentrated to a sirup, and held over drierite 
in vacuo at 50° for 6 hours, and then chilled. No crystals separated within 
2 days. The mass (11.9 gm.) was taken up in 18 ml. of hot ethyl acetate 
and cooled; crystallization then slowly began and the solution was diluted 
with 25 ml. of warm toluene, and chilled. A crop weighing 5.38 gm. and 
melting at 148-149° was separated. On recrystallization from 10 ml. 
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of ethyl acetate and 5 ml. of toluene, this vielded 2.95 gm. of ervstals of 
melting point 162-163° together with a second crop of 0.66 gm. of the 
same melting point. A mixture with the entirely similar product obtaimed 
by the Fittig method melted at the same temperature. A subsequent 
small crop melted at 148°. Further efforts to obtain erystalline material 
from the mother liquors failed in spite of additional dehydration operations. 
It could be concluded, however, that the preparation designated WN 
ester contained at least 33 per cent of an isomer of tsocitric acid identical 
with the main product of the Fittig and Miller method. 

Titration of the material in the combined mother liquors indicated that 
the dehydration operations had finally been carried too far, inasmuch as 
implausibly high figures tor the content of lactone were secured. On the 
assumption that a small proportion of an isocitric anhydride had been 
inadvertently formed the material was saponified with barium hydroxide, 
recovered as acid, and the lactonization step was repeated; whereupon 
reasonable figures tor the lactone content of the sirup were obtained. The 
product weighing 5.4 gm. was dissolved in 5 mil. of hot ethyl acetate. 
Solid material gradually separated and 2.34 gm. (20.7 per cent of the lac- 
tone fractionated) of a product that melted to a turbid oil at 134-137° 
were isolated; titration showed this to be 97 per cent pure lactone. Re- 
erystallization gave 0.35 gm. of material of melting point 135-138", which 
showed no depression when mixed with the product of the same melting 
pont range obtained by the Fittig method and was found by titration to 
be 100.1 per cent lactone. The p-bromophenacyl! ester melted at 157- 
159° but on recrystallization melted at 152-154°, and this melting point 
was not changed by four further recrystallizations. When mixed with an 
equal proportion of the purified derivative of alloisocitrie lactone obtained 
by the Fittig method, there was no depression in melting point. 

A second crop of 0.56 gm. of the lactone, secured from the mother 
liquors, gave a p-bromophenacyl ester which melted at 159-160°. On 
recrystallization this melted at 152-153° and was unchanged on turther 
recrystallization. 

It could be concluded that the WN ester contained an isomer of isocit ric 
acid identical with that designated alloisocitrie acid and obtained in small 
proportion by the Fittig method, and there was little reason to doubt that 
the proportion present was considerably in excess of the approximately & 
per cent actually isolated in impure form. 


SUMMARY 


The synthesis of isocitrie acid by the hydrolysis of trichloromethyl- 
paraconic acid leads to a mixture of two diastereoisomeric forms in rela- 
live proportions of between 5:1 and 6:1, the racemic modification of the 
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natural optically active acid being the predominating component. This 
method, originally deseribed by Fittig and Miller, has been modified jp 
detail with improvement in yield, 

The synthesis of isocitrie acid by the reduction of oxalosuceinic ester 
and subsequent hydrolysis, as described by Wislicenus and Nassauer, 
leads to a mixture of isomers in more nearly equal proportions. The 
separation of this mixture is difficult and unsatisfactorily small vields of 
the lactone of the desired racemic acid were secured in pure form. 

Alloisocitric acid was obtained in small vield from the reaction products 
of both methods but was not successtully purified as the lactone.  Deriva- 
tives of this isomer were shown to differ from the corresponding deriya- 
tives of the racemic modification of the natural acid. 

Several derivatives of both isocitric lactone and of alloisocitrie lactone 
have been deseribed. Of these, the p-bromophenacyl esters are useful 
both for characterization and for separation of the isomers. The neutral 
p-toluidine salt of isocitric lactone has potentialities for the large seale 
purification of this substance. Neither the trihvdrazide of isocitric acid 
nor any of several pseudothiouronium salts of the lactones proved to be 
advantageous for characterization or for separation of the isomers. 
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THE MAINTENANCE OF NITROGEN EQUILIBRIUM IN DOGS 
BY INTRAVENOUS ALIMENTATION WITH AN ACTD HY- 
DROLYSATE OF CASEIN FORTIFIED 
TRYPTOPHANE 
By CHARLES F. KADE, Jr., JEAN HOUSTON, KATHRYN KRAUEL, ayo 
MELVILLE SAHYUN 


(From the Frederick Stearns and Company Division, Sterling Drug, Ine, Det 
(Received for publication, December 28, 1915 


Since McCoy, Meyer, and Rose’s (1) discoverv of threonine and its in- 
dispensability to the animal system, numerous studies in animals and in 
man have been reported on the administration of amino acids derived from 
various sources. Using a complete mixture of purified amino acids in a 
synthetic diet, Rose et al. (2, 3) have shown that it is possible to keep dogs 
and human beings in nitrogen equilibrium. Also Madden ef a!. (4) have 
obtained positive nitrogen balance with hypoproteinemic dogs injected with 
mixtures of the ten essential amino acids. 

Amino acids are normally present in the blood stream. ‘Therefore it is 
to be expected that they can be safely administered parenterally. In the 
normal animal amino acids are absorbed from the gastrointestinal tract. 
They are circulated in the blood stream and utilized in part tor the svn- 
thesis of body proteins. A complete mixture of amino acids administered 
intravenously should thus be metabolized in the same manner. How- 
ever, in malnutrition and starvation, when pathologie changes have oc- 
curred in the intestinal wall, the administration of amino acids or proteims 
may not be as effective orally as parenterally (5). 

Recently investigators (6-15) have studied the parenteral administra- 
tion of hydrolysates and mixtures of pure amino acids. Although bene- 
ficial results were clinically observed, many of the experiments were limited 
to short periods of time. This raises the question of retention of the nitro- 
gen rather than utilization. Also most of the published work has not taken 
into account the excretion of nitrogen in the feces. Some investigator. 
used the hydrolysate of proteins as a supplement to the diet. In these 
instances the réle that such preparations play in the maintenance of nitro- 
gen balance is open to question. Furthermore, in almost all of the above 
studies large amounts of nitrogen were administered. 

The present investigation was undertaken to determine whether or not 
it is possible to maintain nitrogen balance in dogs over a sufficiently long 
period of time on known, low nitrogen intakes by (1) the oral administra. 
tion of a complete mixture of amino acids produced by the acid hydrolysis 
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of casein, fortified with d/-tryptophane,' and (2) the parenteral adminis. 
tration of such a preparation. The method for making a sterile, pyrogen. 
free acid hydrolysate of casein has been described elsewhere (16) and the 
quantitative estimation of its indispensable amino acids has been reported 


by Block (17). 


EXPERIMENTAL 


The procedure employed was the same as that used by Rose ef qj! 
in their investigation of the utilization of mixtures of purified amino acids 
Three adult female dogs were used throughout the duration of the experi- 
ment and were kept in individual metabolism cages. Each animal was 
catheterized once daity and the 24 hour urine samples were diluted to a 
standard volume and preserved with thymoi in the refrigerator. The 
feces were divided into 7 day periods by the use of carmine capsules and 
were kept in acid alcohol. Total nitrogen of the urine and feces was 
determined by the Kjeldahl procedure as modified by Seales and Harrison 
(18). A methylene blue, methy] red indicator was used in the saturated 
boric acid (19). Creatinine and creatine analyses were carried out by the 
colorimetric methods of Folin (20) with Peters’ (21) modification of time 
factors. Consistent daily creatinine excretion was used to indicate that 
a complete 24 hour urine sample had been obtained. 

The diet presented in Table I is an adaptation of Cowgill’s (24). The 
protein fraction of the diet was omitted and the amino acids were fed 
either by stomach tube or by vein. Nitrogen of the food other than that 
furnished by the amino acids amounted to 60 mg. per 100 gm. of diet, of 
which approximately 40 mg. were contained in the vitamins. The 20 mg. 
of nitrogen of unknown origin represent less than 2 per cent of the total 
nitrogen intake even though the total nitrogen intake is very low. Thus 
the nitrogen in the diet is substantially derived from the acid hydrolysate 
of casein fortified with tryptophane. 

At the beginning of each experiment the animal was fed a 6 per cent 
casein diet supplemented with methionine* for at least 2 weeks. The 
casein and methionine were then replaced by the acid hydrolysate fortified 
with tryptophane for 1 or more weeks. Subsequently this preparation 
was injected either intravenously or intraperitoneally for 7 day periods 
respectively. The remaining portions of the diet were fed orally.  Fol- 
lowing the period of parenteral administration, the hydrolysate was again 
fed by stomach tube. Throughout the experiment the dog was given 
approximately 80 calories per kilo of body weight. 


' Parenamine, Frederick Stearns and Company Division. 
2 Rose, W. C., Kade, C. F., and Lambert, G. F., unpublished data. 
Courtesy of U.S. Industrial Chemicals, Ine. 
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Results 


Since all the animals reacted very similarly, the complete data for only 
one dog are given in Table [[. The nitrogen balance data are summarized 
in Figs. 1 to 3. 

It can be seen from the data given in Table [If that the creatinine e«. 
eretion is constant. This has been noted in all normal adult dogs studied. 
The creatine excretion, however, is quite variable. The small amount of 
nitrogen in the feces represents a rather large percentage of the total 
nitrogen excreted (15 to 20 per cent). The fecal nitrogen ix probably 
close to an irreducible minimum. When no appreciable nitrogen is fed, 


TaBLe [ 


Composition of Lict 
| 
Vitamin supplement per 100 gm 


calories om. 
| 40.0 Riboflavin 
Methyleellulose... 2.0) Pyridoxine HC} 
Salt mixture*....... | 4.00 ~—6Caleium d pantothenate 
Cod liver oil... | 27.00 | 3.00 Nicotinic acid 6 
Wheat germ oil. | 2.25 | 0.25 Choline chloride jon) 
Liver extract tT. | 2.00 

| 93.00 
Casein hydrolysate forti- 
fied with tryptophane | 
(fed separately)......| 28.00 | 7.00 
«481.00 100.00 


Approximately 15.5 gm., per kilo of body weight of the dog, of the protein-free 
diet were fed. 
* Jones and Foster (22). 
t Conger and Elvehjem (23). Fullers’ earth treatment omitted, 


the feces obtained still contain approximately the same amount of nitrogen. 
The largest animal, receiving more nitrogen, excreted a greater amount in 
the feces, but a slightly lower proportion of the total nitrogen eliminated 
(14 per cent). In no case did the nitrogen in the feces fall below 12 per 
cent of the total nitrogen output. 

The data presented in Table IT show that Dog 2 retained nearly 20 per 
cent of the nitrogen fed, whereas the others kept 10 to 15 percent. During 
the week of intraperitoneal injections of Dog 2, only 1.7 per cent of the 
hitrogen administered was held (Fig. 1). However, during all the other 
parenteral feedings, at least 15 per cent of the nitrogen was not exereted, 
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which is approximately the same as When the amino acids are fed orally, 
As was anticipated, the dogs slowly gained weight. While there are days 


1234 56 


MGM NITROGEN BALANCE 


Fia. 1. Dog 2, 4.9 kilos. Nitrogen balance with an acid hydrolysate of casein 
fortified with tryptophane as the sole source of amino acids. Nitrogen intake 1125 
mg. per day = 230 mg. of nitrogen per kilo of body weight. Days 1 to 14, oral ad- 
ministration; days 15 to 21, intraperitoneal administration; days 22 to 28, oral ad- 
ministration. 
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Fic. 2. Dog 3, 16.3 kilos. Nitrogen balance with an acid hydrolysate of casein 
fortified with tryptophane as the sole source of amino acids. Nitrogen intake 38%) 
mg. per day = 236 mg. of nitrogen per kilo of body weight. Days 1 to 21, oral ad- 
Ministration; days 22 to 28, intravenous administration; days 29 to 35, oral adminis- 
tration. 
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Fic. 3. Dog 1, 5.6 kilos. Nitrogen balance with an acid hydrolysate of casein 
fortified with tryptophane as the sole source of amino acids. Nitrogen intake 1210) 
mg. per day = 214 mg. of nitrogen per kilo of body weight. Days 1 to 14, oral ad- 
ministration; days 15 to 21, intravenous administration; days 22 to 28, oral adminis- 
tration. 


of negative nitrogen balance, these are the usual variations one obtains 
with normal adult animals, and the over-all picture is one of good positive 
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balance. Figs. 1 to 3 show that good positive nitrogen balance has been 
maintained in every dog used, with the acid hydrolysate of casein, to whieh 


TaB_e II 


Nitrogen Balance with Casein Hydrolysate Fortified with Tryptophane As Sole Source 
of Amino Acids 


Dog 2. 
intake, Date | Urine N ‘ — Fecal N* ty bahem 
| | kg | mg. me. me me 
Orally Mar.14 5.3 | 676 32 16 142 SIS + 
648 | 32 142 700 +210 
655 31 7 142 + 
675 | 3 3 + 
20) 5.4 728 | 22 3 142 
| 4720 | 222 52 S714 
| 5.4 | 674 32 ‘ 142 S16 ist 
Intravenously Mar.21 5.4 | 766 32 10 125 sv! + bem 
24; 5.4 615 3] 3 125 
43° 3 3 125 
676 | 33 2 125 
nverage ..... 6S4 32 5 125 
Orally Mar. 28} 5.3 512 33 2 15s 
Apr. 1) 5.4 615 33 4 158 773 + 227 
2: 64S 34 2 15s 1% 
d 9.4 3) o 15s 176 
4466 232 20 1106 5572 + 142s 
Average...__.. 638 33 3 15s + 


figures are averages, which accounts for their uniformity. 


1 per cent ot tryptophane has been added, as the sole source of amino 
acids. The nitrogen intakes are near minimal and were chosen because of 
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the practical importance of maintaining balance with the least amount of 
fluid administration. It is possible to obtain much larger nitrogen retep. 
tion for short periods at high nitrogen intakes, but in view of the clinical 
conditions which must normally be met low levels of nitrogen intake were 
used, 


“4 


SUMMARY 


Thiee different dogs have been maintained for 21 to 35 days in positive 
nitrogen balance by the administration of purified diets wherein practieally 


the sole source of nitrogen was derived from an acid hvdrolvsate of casein 
fortified with tryptophane. The preparation was given both orally and | 
parenterally to supply s nitregen intake of approximately 200 mg. per : 
kilo of body weight. | 
BIBLIOGRAPHY 
BY 1. McCoy, R. H., Meyer, C. E., and Rose, W.C., J. Biol. Cheim., 112, 283 (1935-36), : 
‘1 2. Rose, W. C., and Rice, E. E., Scrence, 90,.186 (1939). 
3. Rose, W. C., Haines, W. J., Johnson, J. E., and Warner, 1D. T., J. Biol. Chem., 
148, 457 (1943). } | 
4. Madden, 8S. C., Carter, J. R., Kattus, A. A., Miller, L. L., and Whipple, G. H., ( 
J. Exp. Med., 277 (1943). 
5. Magee, H. E., Brit. Med. J., 1, 818 (1945). 
6. Abbott, W. E., and Mellors, R. C., Arch. Surg., 46, 277 (1945). 
7. Altshuler, S.S., Hensel, H. M., Hecht, P., and Pursley, R., -irch. int. Med., 1, 
749 (1942), 
S. Clark, D. E., and Brunschwig, A., Proc. Soc. Exp. Biol. and Med, 4&9, 329 (1942). 
9, CoTui, F. W., Wright, A. M., Mulholland, J. H., Barcham, I., and Breed, E., 
Ann. Surg., 119, 815 (1944). | 
10. Elman, R., and Weiner, D. O., J. Am. Med. Assn., 112, 796 (1939). 
11. Farr, L. E., Emerson, K., and Futcher, P. H., J. Pediat., 17, 595 (1940). | 
12. Hoffman, W. S8., Meyer, K. A., and Kozoll, D. D., Proc. Central Soc. Clin, Res., | 
17, 48 (1944). 
L 13. Madden, 8. C., Zeldis, L. J.. Hengerer, A. D., Miller, L. L., Rowe, A. P., Turner, 
A. P., and Whipple, G. H., J. Exp. Wed., 73, 727 (1941). 
‘ 14. Martin, G. J., and Thompson, M. R., Medicine, 22, 73 (19435). 2 
15. Shohf, A. T., and Blackfan, Kk. D., J. Nutr., 20, 305 (1940). 
16. Sahyvun, M., Proc. Soc. Exp. Biol. and Med., 48, 14 (1941). 
17. Block, R. J., and Bolling, D.,. Am. J. Pharm., 116, 368 (1944). : 
IS. Seales, F. M., and Harrison, A. P., ./. Ind. and Eng. Chem., 12, 350 (1920). ( 
19. Sobel, A. E., Yuska, H., and Cohen, J., J. Biol. Chem., 118, 443 (1937). | 
- 20. Folin, O., J. Biol. Chem., 17, 469 (1914). 
| 21. Peters, J. H., J. Biol. Chem., 146, 179 (1942). e 
¢ 22. Jones, J. H., and Foster, C., J. Nutr., 24, 245 (1942). ES 
‘| 23. Conger, T. W., and Elvehjem,. C. A., J. Biol. Chem., 138, 555 (1941). es 


24. Cowgill, G. R., J. Biol. Chem., 56, 725 (1923). 


Wy 

hs 

4 

+ 

? 

ij 
‘ 
* 
i 
‘ 


int of 
‘eten- 
Inical 
Were 


irner, 


THE ACTIVITY OF dl-OXYBIOTIN FOR THE RAT* 


By A. E. ANELROD, FRANCIS J. PILGRIM, ann KLAUS HOPMANN 


(From the Institute of Pathology, Western Pennsylvania Hospital, and the 
Department of Chemistry, University of Pittsburgh, Pittshurgh 


(Received for publication, January 18, 1946) 


The total svnthesis of a compound, differing structurally trom bietin 
only in the replacement of the sulfur by oxygen, has been deserthed (2). 
This oxygen analogue of biotin has been named oxybiotin, both because of 
its structural relationship to biotin and its ability to replace this substance 
as an essential metabolite for various species of microorganisms and higher 
anmals. The present paper is one of a series relating to the biological 
activity of dl-oxvbiotin (1, 3-6) and is concerned with the relative effective- 
ness of d-biotin and dl-oxybiotin in the cure of egg white injury in the rat. 


EXPERIMENTAL 


Two independent experiments, designated as Series I and Il, were con- 
ducted. Each series consisted of thirty male, 26 day-old, albino rats 
(Sprague-Dawley), weighing 40 to 50 gm. The animals were housed in 
individual cages with wide mesh screen bottoms. Biotin deficiency was 
induced by feeding ad libitum purified diets containing commercial dried 
egg white (7). The composition of the diets employed in Series I and II is 
sven in Table I. The B complex vitamins! were fed daily in supplement 
dishes at the following levels: thiamine hydrochloride 30 y, pyridoxine 
hydrochloride 30 y, riboflavin 30 y, nicotinic acid 250 y, calcium panto- 
thenate 200 y, choline chloride 10 mg., and 7-inositol 3 mg. 1 drop of hali- 
ver oil containing 1.3 mg. of added dl-a-tocopherol acetate and 0.8 mg. of 
added 2-methyl-1,4-naphthoquinone was given weekly to each rat. 

Growth of the animals ceased after 7 weeks in Series 1, and 5 weeks in 
Series IT. A weight plateau was maintained during the succeeding 2 weeks 
meach series. The administration of the test substances was then begun. 
At this time, the average weight of the rats in Series I was 150 gm., while 
that in Series II was 148 gm. Marked symptoms of biotin deficiency 
characterized by cheilosis, spectacled eve, dermatitis, and alopecia were 
evident. 

For the therapeutic studies, the animals in each series were divided into 
Six groups (five rats per group) of similar average weight and severity of the 
skin lesions. d-Biotin,dl-oxybiotin, or physiological saline was administered 

*A preliminary account of this work has been reported (1). Contribution No. 


58 from the Department of Chemistry, University of Pittsburgh. 
‘We are indebted to Merck and Company, Inc., for the synthetic vitamins. 
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TABLE I 
Composition of Diets (Gm. per 100 Gm, of Diet) 


Component Series I Series I] 
ried eee white*........... 10 20) 


* The batches of egg white employed in Series I and Il were purchased from two 
commercial sources. 
TaBLe II 


Comparison of Activities of d-Biotin and dl-Oxrybiotin 


| 14 day curative period 28-day curative period 
Group* ‘Per cent activity. Per cent activity 
Average change of dl-oxybiotin Average change of dl-oxybiotin 
in weightt | (d-biotin in weightt | (d-biotin 
= 100)f | = 
Series I 
sm. ym. 
2... ....... —3 
0.2 * —3 | 
Series Il 
| | | 
+58 | | +98 
+17 | 4.5 | +25 
+25 | 3.7 | +44 


* 


* The dosages are expressed in terms of the daily supplementation. 

t Total weight changes over the designated time interval are given. 

t The potency of oxybiotin in terms of biotin activity was determined from cali- 
bration curves made by plotting growth responses to d-biotin at both the 14 and2 
day periods against the graded amounts of d-biotin. All calculations were made on 
a weight basis. 

§ These animals served previously as the negative controls. 


daily by subcutaneous injection, as shown in Table II. Biotin and oxy- 
biotin were prepared in physiological saline at concentrations furnishing the 
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requisite daily supplementation per ce. of solution. 1 ec. of physiological 
siline was administered daily to the negative control group of Series [. 
The animals continued to receive the egg white-containing diets during the 
curative assay period. In Series I, the negative control group and the 
groups receiving 0.2 7 and 0.4 y of dl-oxybiotin were given treatment for 2 
weeks. In all other groups of both series the test substances were admin- 


istered for 28S days. 


Results 


The growth responses to d-biotin and dl-oxybiotin are summarized in 
Table II. With growth stimulation as the criterion, the activities of dl- 
oxybiotin compared to that of d-biotin and expressed on a percentage basis 
varied from 2.9 to 6.0 per cent. The average activity was 4 per cent. | 
Approximately the same results were obtained in both the 14 day and 28 
day assays. ‘The lowest activity ratio was obtained at the highest level of 
oxybiotin (20 y) and was partially due to the lag in growth response to this 
level. of oxybiotin noted during the early phase of the curative test period. 
Asimilar lag was not observed when 1.0 y of d-biotin was administered. 

The rate and extent of cure of the skin lesions were proportional to the 
dosages of biotin and oxybiotin. Complete cure was effected in 28 days by 
the daily administration of 1.0 y of d-biotin or 20 y of dl-oxybiotin. The 
relative activities of biotin and oxybiotin with respect to cure of the lesions 
were comparable to those based upon the growth responses. 

DISCUSSION 

The experiments recorded in this paper demonstrate that dl-oxybiotin 
isa therapeutic agent for egg white injury in the rat. With regard to its 
ability to promote growth, d/-oxvbiotin is 4 per cent as effective as d-biotin. 
Similarly, dl-oxvbiotin is less active than d-biotin in the cure of the skin 
lesions. However, it should be noted that dl-oxvbiotin is capable of com- 
pletely alleviating the skin symptoms. The few cases of spastic paralysis 
of the hind legs observed in these studies were also completely cured by 
d-oxybiotin. Thus, the curative action of a sufficient dosage of dl-oxvbiotin 
upon the skin lesions and the spasticity of the hind legs is indistinguishable 
from that of d-biotin. Comparable activity in the rat for a compound 
apparently similar to dl-oxvbiotin has been observed by Rubin et al. (9). 
It is of interest that dl-oxybiotin is 17 per cent as active as d-biotin for the 
chick (6). For various species of microorganisms, the activities of dl- 
oxybiotin range from 15 to 50 per cent that of d-biotin (4, 9). 

In all of the studies to date, an optically inactive form of oxybiotin has 
beenemployed. It appears likely, in analogy with dl-biotin (10), that only 
one of the enantiomorphs of @/-oxvbiotin is biologically active. If such is 
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the case, the activities of the biologically active enantiomorph would be 
twice the values reported for dl-oxybiotin. 

Of the various derivatives of biotin tested tor biological activity in higher 
animals (11-13), oxyvbiotin is the only compound possessing activity com. 
parable to that of biotin. Thus dl-oxybiotin affords a unique example of 
the ability to effect a substitution in the ring structure of a vitamin and 
still retain considerable biological activity. 

The question of the mechanism of action of oxybiotin presents itself. 
Can oxybiotin replace biotin in the metabolism of the rat or does oxybiotin 
function merely as a precursor substance for biotin? At the present, this 
question must remain unanswered. Balance studies now in progress may 
serve to clarify this problem. 


SUMMARY 


The activity of d/-oxvbiotin in the cure of egg white injury in the rat has 
been determined. With growth response as a criterion in either a 14 or 
28 day curative assay procedure, dl-oxybiotin was found to possess 4 per 
cent of the activity of d-biotin. Complete cure of the skin lesions was 
effected by the daily administration of 20 y of d/-oxvbiotin for 28 days. 
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THE POSITION OF THE HIGHER FATTY ALDEHYDES IN 
FATTY ACID METABOLISM OF RAT MUSCLE* 


By GABRIELE EHRLICH ann HEINRICH WAELSCH 


(From the Departments of Biochemistry, New York State Psychiatric Institute and 
Hospital and the College of Physicians and Surgeons, Columbia University, 
New York) 


(Received for publication, January 7, 1946) 


Two sets of experiments were designed to determine the réle of the higher 
fatty aldehydes in the metabolism of their closest structural relatives, the 
fatty acids. Adult male rats on a low fat diet (a) were maintained on a 
heavy water régime or (b) were fed fat containing deuterium. In both 
groups of experiments the rats were killed after different time intervals and 
the deuterium content of the higher fatty aldehydes and of the fatty acids 
in different lipid fractions of the muscle was determined. 

The experiments were carried out on skinned, eviscerated, and decapi- 
tated carcass, since the lipid fraction of muscle contains, next to brain, the 
highest concentration of the higher fatty aldehydes of all organs studied. 
A previous investigation (1) made available a relatively simple technique 
for isolation of the higher fatty aldehydes as p-carboxvphenylhydrazones 
from small amounts of tissue. This procedure has now been modified for 
routine use. 

It has heen found that large amounts of lipids may retain the acidic hy- 
drazones in the organic solvent. By a short alkaline hydrolysis of the lipid 
emulsion prior to the liberation of the aldehydes by acid enough of the lipids 
is saponified to make the isolation of the hydrazones possible in practically 
every experment. ‘This modification has not been successful in the routine 
isolation of the aldehydes from brain tissue. 

In the isolation procedure the higher fatty aldehydes are exposed to action 
of strong alkaliand acid. It appeared unlikely from data on fatty acids (2) 
that such a treatment would labilize any deuterium bound to the earbon 
chain. Since aldehydes in their naturally occurring form (acetal phospha- 
tides) containing deuterium are not available, the uptake of deuterium by 
aldehydes was studied on a lipid emulsion obtained from rat muscle and 
treated with alkali and acid in the presence of heavy water. It was found 
that approximately 1 per cent of the hydrogen atoms of the fatty aldehydes 
was exchanged during the isolation procedure. The correction resulting 
from an exchange of this magnitude is too small to affect the interpretation 
of the results. 


* The higher fatty aldehydes, II]. This study was supported by a grant from the 
Josiah Macy, Jr., Foundation. 
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Administration of Heavy Waier—If the higher fatty aldehydes are inter. 
mediates in the synthesis of the fatty acids, representing e.g. the last stage 
ot an aldol condensation (3), they should contain a higher concentration of 
deuterium than the fatty acids if the synthetic processes take place in anj- 
mals, the body water of which is enriched with heavy water. It is immate- 
rial whether muscle or some other organ is the site of synthesis because the 
synthesized aldehydes would be transferred from the organ of synthesis to 
the muscle and the final oxidation to the fatty acid would take place in this 
organ. Since the conversion from aldehyde to acid involves only the termi- 
nal aldehyde group, it may be assumed that no metabolic labilization and 


TABLE I 


Deuterium in Higher Fatty Aldehydes and Fatty Acids of Muscle of 
Rats Given Heavy Water 


Hydrogen from body fluids 
in 


Deuterium in 


rats. experi- Higher | Higher | 
| Cenyces| Total | chatides! fat | hydes | | | fat 
ie atom atom atom (| aiom atom | | 
doys percent percent percent percent perceni cont 
07 (32 0.6 | 
2 5.0 0.15 0.13 | | 3.0 | 2.6 
2 10 0.83 | 0.066  0.12* 8.0 | 14.9 | 
2 1.54 | 


* jodine No. 79; unsaturated fatty acids 0.08 atoim per cent deuterium. 

+ lodine No. 83; unsaturated fatty acids 0.08 atom per cent deuterium, saturated 
fatty acids 0.17 atom per cent deuterium. 

t lodine No. 134. 


loss of deuterium would occur during this step. In Table I are recorded the 
results of three experiments, one of 18 hours and two of 6 days’ duration. 
In all three experiments the higher fatty aldehydes contained less deuterium 
than either the total fatty acids or the fatty acids isolated from phosphatides 
or from neutral fat. This finding contraindicates any simple relationship 
between the synthesis of the aldehydes and of the fatty acids, particularly 
since the aldehydes seem to correspond to the saturated fatty acids of chain 
length Cys. or Cis. In such experiments the saturated fatty acids will con- 
tain a higher concentration of deuterium than that of the total fatty acids 
of any lipid fraction (4, 5). The unsaturated fatty acids in Experiments 2 
and 3 contained a deuterium concentration corresponding to 64 per cent of 
that found in the total fatty acids. The saturated fatty acids, therefore, 
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contained a deuterium concentration considerably higher than that of the 
total fatty acids and probably about twice that found in the unsaturated 
fatty acids. ‘The difference in deuterium concentration between the alde- 
hydes and the saturated fatty acids is therefore still more marked. The 
close proximity of the deuterium concentrations of unsaturated fatty acids 
and aldehydes appears at this stage of the investigation to be purely ace. 
dental, since the unsaturated fatty acids melude essential fatty acids which 
contain very little deuterium (4, 5). 

The experiments with heavy water administration appear to yield infor- 
mation on the metabolism and the turnover of the tatty acids of muscles 
hitherto not obtained with this technique. The phosphatide fatty acids 
contain a slightly higher deuterium concentration than the fatty acids de- 
rived from neutral fat, as may be seen from the direct determinations of Ex 
periment 1. ‘This finding is in keeping with the view that the phosphatides 
are active intermediates in fatty acid metabolism (6,7). The higher pro 
portion of unsaturated fatty acids in the phosphatides (compare iodine 
numbers in Experiment 3) than in the total fat, and therefore in the neutral 
fat fraction, makes the difference in cdeutertum concentration im the 
saturated fatty acids still larger than that expressed by the analytical data. 

In previous experiments carried out under the same conditions it was 
found that the liver fattv acids contain a higher deuterium concentration 
than the fatty acids of intestine, carcass, or brain (8). ‘The values were in 
agreement with the view that the liver fatty acids of rats (6) and mice () 
are half replaced in less than | day. In experiments of 6 days’ duration the 
deuterium concentration in the carcass fatty acids, which comprised those 
from skin, muscle, and skeleton, amounted to about 30 per cent of that 
found in the liver. The percentage of hydrogen derived from body water 
in the fatty acids of muscle, as reported in this paper, is similar to that pre- 
viously found for carcass. This result suggests that the rate of replacement 
and turnover of newly synthesized fatty acids is about the same in muscle 
as in the eviscerated and decapitated carcass (8), and is considerably 
slower in muscle than in liver if it is assumed that there is no larger influx of 
fatty acids from the stores into the muscle than into the liver. 

In the previous experiments (8) the surprising observation was made that 
the unsaponifiable material from decapitated and eviscerated carcass con- 
tained a percentage of hydrogen derived from body water higher than that 
of the unsaponifiable constituents of any other organ studied (liver, intes- 
tine, brain) and also higher than that derived from body water in the fatty 
acids of the carcass. In the two experiments of 6 days’ duration reported 
in Table I the unsaponifiable material from the muscle was prepared and 
analyzed for its deuterium concentration. The percentages of hydrogen 
derived from body fluids were 12 per cent (0.10 atom per cent deuterium) 
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and 6 per cent (0.09 atom per cent deuterium) respectively. These 
values are approximately one-half of those of the carcass and are in the 
range of the figures found previously for the unsaponifiable lipids of liver 
and intestine. The high metabolic activity of the unsaponifiable materia] 
of the carcass appears to be restricted to the skin, since it cannot be ae- 
counted for by muscle. 

Administration of Fat Containing Deuterium—The experiments in which 
heavy water was administered to rats show that the higher fatty aldehydes 
are not involved in the over-all synthesis or transport of fatty acids and are 
in accord with the possibility that fatty acids and aldehydes are synthe- 
sized by different pathways in the animal organism. A metabolic relation- 
ship between higher fatty aldehydes and fatty acids is, on the other hand, 


TABLE II 


Distribution of Deuterium in Higher Fatty Aldehydes and Fatty Acids of Muscle of Rats 
after Administration of Fat containing Deuterium 


| Deuterium in | Administered fatty acids in 
Experi- | xo. of | gl Fatty acids | Fatty acids 
rats | experi- Farr 
| (total) | Phatides| fat 
i 
atom | atom | atom atom 
Ars. per cent | per cent | percent percent percent | percent! percent | percent 
4 8 0.013 | | (0.23 | 
2 | 0.09 0.06 | wet 
2t 6 16 0.022 0.06 | : | 0.34 | 0.9 | 


* 1.5 ml. of linseed oil (fatty acids 5.7 atom per cent deuterium). 
+ 0.7 to 1.0 ml. of linseed oil (fatty acids 6.45 atom per cent deuterium). 


indicated by the experiments in which fat containing deuterium was admin- 
istered to rats (Table II). In both experiments the higher fatty aldehydes 
contained a concentration of deuterium which, though small, was appreci- 
able when compared with that found in the fatty acids and higher than that 
present in the body water (less than 0.01 atom percent). In the experiment 
of 8 hours’ duration the amount of fatty acids derived from the administered 
fat and converted into aldehydes amounted to 15 to 20 per cent of the con- 
centration found in the fatty acid fractions. In the experiment of 16 hours’ 
duration this value amounted to 40 per cent on the basis of the deuterium 
concentration determined in the saturated fatty acids. These findings 
suggest the ability of the animal body to reduce the fatty acids to the corre- 
sponding aldehydes. Whether the aldehydes are,intermediates in the meta- 
bolically reversible conversion of fatty alcohols to fatty acids, as discussed 
previously (10, 11), is under investigation at present. 
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The results obtained in both types of experiments show that the higher 
fatty aldehydes are not main intermediates in the synthesis or transport of 
fatty acids, but take part in some special aspect of fatty acid metabolism. 
® Approximately the same percentage of administered fatty acids was 
present in the muscle fatty acids as was found previously in experiments of 
the same type (12) in the fatty acids of the eviscerated and decapitated 
carcass. ‘The results suggest that the main source of fatty acids in muscle, 
as in eviscerated carcass, is not synthesis of fatty acids in the organ itself 
but transfer from other organs to the muscle. 

In the experiments in which labeled fat was given to the animals the 
phosphatides and neutral fat of the liver were separated. 15 per cent of 
phosphatide fatty acids (0.87 atom per cent deuterium) in the 8 hour experi- 
ment was derived from the administered fat; ¢.¢., 10 times more than was 
found in phosphatides of the muscle. In the 16 hour experiment 84 per 
cent (0.54 atom per cent) of the phosphatide fatty acids and 4.2 per cent 
(0.26 atom per cent) of the neutral fat fatty acids were derived from the 
administered fat; the concentrations are at least 10 times those found in 
the total fatty acids of the muscle. The finding of a higher percentage of 
administered fatty acids in the phosphatides than in the neutral fat con. 
firms the high metabolic activity of the phosphatides (6 


EXPERIMENTAL 


Preparation of Labeled Fat—The fat was prepared by hwdrogenating lin- 
seed oil with deuterium in the apparatus of Rittenberg and Schoenheimer 
(13). Two preparations were used containing 5.7 and 6.45 atom per cent 
deuterium respectively in the fatty acids. 

Animal Experiments—In each experiment six to ten male rate weighing 
180 to 220 gm. were kept for at least 8 days on a low fat diet (12). The ad 
ministration of the labeled fat or the deuterium oxide was not started warty! 
the animals had overcome the initial drop in weight. Enough 96.9 per cent 
deuterium oxide (Experiment 1, Table 1) or water containing per cent 
deuterium oxide (Experiments 2 and 3, Table 1) to bring the body fuide to 
the calculated concentration of 5 or 1.5 atom per cent reepeectively was in 
jected into the animals. The drinking water contained 12.5 or 2.5 atom 
per cent deuterium respectively. The labeled fat was administered by 
stomach tube. 

The animals were killed by decapitation and museles together with the 
bones were minced in a meat grinder. The muscles were not removed from 
the bones, in order to obtain a maximal amount of musele and to shorten 
the time interval between death df the animal and extraction of lipid 
Therefore, all our lipid fractions are contaminated with lipid material orig:- 
hating from hone marrow. ' 
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Isolation of Higher Fatty Aldehydes as p-Carboxryphenylhydrazones—The 
procedure has already been published in detail (1). Two modifications 
were introduced: (a) alkaline hydrolysis of the lipid emulsion and (6) addi- 
tion of stearic acid at the proper step to avoid the contamination of the 
aldehydes with labeled fatty acids. 

The muscle hash from four to ten rats is extracted exhaustively (seven 
times) with boiling 95 per cent ethanol. After removal of the alcohol in 
vacuo the remaining aqueous emulsion is made alkaline by the addition of 
10 ml. of 30 per cent KOH per 100 ml. and is kept at 100—-105° for 1 hour. 
A hydrolysis with alkal and of shorter duration was used by Feulgen and 
Bersin (3) in the preparation of acetal phosphatides. 

When cold, the emulsion is acidified with 2 ~ sulfuric acid with Congo 
red as an indicator. For the liberation of the aldehydes the mixture is kept 
at 37° for 4 hours. The emulsion is distributed between ether and a 4 per 
cent solution of potassium carbonate and the ether solution is repeatedly 
extracted with potassium carbonate solution to remove all the free fatty 
acids. The extracted fatty acids represent part of the total fatty acids 
(Fraction A). When the carbonate solution shows only a faint cloudiness 
after acidification 1 gm. of stearic acid is dissolved in the ether solution and 
removed by extraction with carbonate. By this ‘‘washing out procedure” 
the last traces of labeled fatty acids are removed and diluted down to an 
insignificant deuterium concentration. The carbonate extract containing 
mainly the added stearic acid is discarded. The ethereal solution is washed 
with water, dried over sodium sulfate, and the ether removed. The coup- 
ling of the free aldehyde with p-carboxyphenylhydrazine in alcoholic solu- 
tion is carried out as described previously (1). The alcoholic solution is 
distributed between ether and a 4 per cent solution of potassium carbonate; 
the acid hydrazone is extracted from the ethereal solution with the carbon- 
ate solution and is isolated and recrystallized as described. The ethereal 
solution contains the lipids not saponified by the alkaline treatment and the 
unsaponifiable material and represents Fraction B of the total fatty acids. 

The melting points of the p-carboxyphenylhydrazones varied from 88-96" 
(Fisher-Johns melting point apparatus) and the analyses gave the following 
values: found, C 74.2 to 74.5, H 10.2 to 10.5; calculated for C2;H3s02Ne, C 
10.4; H 10.2; for CosHgOoNo, 74.3, H 10.5. 

Exchange of Hydrogen of Higher Fatty Aldehydes during Isolation Pro- 
cedure—Yo 144 ml. of lipid emulsion prepared from the muscles of six rats, 
16 ml. of 99.9 atom per cent heavy water and 5.8 gm. of KOH were added. 
The mixture was kept at 105° for 1 hour. When cold, the solution was 
acidified with approximately 60 ml. of 2 x H.SO, and the isolation of the 
aldehydes was carried out as described. The p-carboxyphenylhydrazone 


1 We are indebted to Mr. W. Saschek for the analyses. 
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contained 0.1 atom per cent deuterium. In another experiment the lipid 
emulsion during saponification contained 5 per cent of heavy water. 0.06 
atom per cent deutertum was found in the hydrazone, 

The experiments show that about | per cent of the hydrogen atom of the 
aldehydes is exchanged during the isolation procedure. 

Separation of Lipids; Total Fatty Acids——TVhe tatty aecrds contained im the 
potassium carbonate solution (Fraction () were extracted with ether after 
acidification and combined with Fraction B. The ether was remowed and 
the residue was saponified by refluxing with aleoholic potassium hydroxide 
The alcoholic solution was distributed between petroleum ether and water. 
fatty acids and unsaponifiable lipids were separated and prepared for 
analysis in the usual manner (12). 

Phosphatide sand Neutral Fat—Phosphatides and neutral fat were sepa- 
rated by the methods of Bloor (14) and Sinelair (15) from the musele hash 
of two rats. The phosphatides were twice precipitated with acetone with 
the addition of an alcoholic solution of magnesium chloride. Phosphaticdes 
and neutral fat present in the supernatant liquid from the acetone preeipita- 
tion were saponified with alcoholic potassium hydroxide and the fatty acids 
of both fractions isolated. For the separation of phosphatides and neutral 
fat from liver the organs of all animals in the experiment were used. 

In the separation of saturated and unsaturated fatty acids the procedure 
of Twichell (16) was followed. The iodine numbers were determined by 
the method of Rosenmund and Kuhnhenn, as modified by Yasuda (17). 

Determination of Deuterium—The deuterium content of the different fatty 
acid fractions was determined by the method of Keston, Rittenberg, and 
Schoenheimer (18). The deuterium content of the p-cearboxyphenylhydra- 
zones of the higher fatty aldehydes was determined by an unpublished 
micromethod developed by Rittenberg. We are highly indebted to Dr. 
Rittenberg and Mr. Sucher for the determinations. 


SUMMARY 


A modification of the previously reported procedure for isolation of the 
higher fatty aldehydes as p-carboxyphenylhydrazones is described. By 
this technique it is possible to isolate routinely the aldehydes from the 
muscles of a small number of rats. 

The deuterium concentration of the higher fatty aldehydes, Tatty acids 
of different lipid fractions, and unsaponifiable material of musele of rats was 
determined after periods of 18 hours and 6 days respectively, during which 
the body fluids were enriched with deuterium through the administration 
ofheavy water. In a second set of experiments the deuterium concentra- 
tion was determined in the same components of the musele lipids 8 and 16 
hours after the administration of a single dose of fat labeled with deuterium. 
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202 HIGHER FATTY ALDEHYDES 

In both types of experiments the higher fatty aldehydes contained appre. 
ciable amounts of deuterium, but invariably less than was present in the 
fatty acid fractions. This result indicates that the higher fatty aldehydes 
are not involved in the over-all synthesis or transport of fatty acids but are 
concerned with some special aspect of fatty acid metabolism. In both sets 
of experiments the rate of turnover of the muscle fatty acids corresponded 
roughly to that previously found for the fatty acids of the decapitated and 
eviscerated carcass. 

The unsaponifiable lipids isolated from muscle of rats, the body water of 
which was enriched with heavy water, contained much less deuterium than 
those isolated from carcass previously under the same experimental condj- 
tions. ‘The high metabolic activity of the unsaponifiable material of carcass 
appears to be restricted to the skin, since it cannot be accounted for by 
muscle. 7 

The tatty acid fraction of the phosphatides of muscle and of liver showed 
a higher deuterium concentration than the fatty acids of neutral fat of the 
same organ. 
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THE NITROGEN METABOLISM OF RAT TISSUE SLICES UNDER 
VARIOUS CONDITIONS 


By FREDERICK BERNHEIM anv MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and of Biochemistry, 
Duke Unive rsity School of Vedic née, Durham, North Carolina) 


(Received for publication, January 7, 1946) 


When tissues are ground up and incubated aseptically, autolysis occurs 
and the proteolytic enzymes in the cell are considered responsible. It 
is assumed that after the death of an animal and while the cell structures 
are still intact sumilar autolytic action occurs. It is not, however, known 
whether autolysis begins immediately after death with the establishment 
of anaerobic conditions. It is possible that other changes in nitrogen 
metabolism and distribution precede autolvsis.. In order to investigate 
this possibility the changes in nitrogen metabolism of tissue slices during 
3 or 4 hours post mortem were studied under various conditions and, in 
particular, the effects of anaerobiosis. It soon became evident that some 
of the changes observed under the conditions of the experiments could 
not be attributed to the result of autolytie action. 


EXPERIMENTAL 


200 gm. rats were killed by decapitation. ‘The tissues were immediately 
removed and sliced as rapidly as possible in Krebs’ bicarbonate solution. 
Before transfer into the experimental vessels the slices were washed in 
fresh solution and blotted on filter paper before weighing. 300 mg. of 
tissue (wet weight) were placed in each 50 ec. Erlenmeyer flask containing 
4.0 ec. of solution which was incubated at 37° with either 95 per cent 
0, and 5 per cent COs, or 95 per cent N, and 5 per cent COs. The anaerobic 
condition produced by the latter mixture was sufficient to prevent the 
oxidation of p-phenylenediamine; 7@.c., the evtochrome oxidase system was 
completely inactive. The procedure for analysis was as follows. An 
aliquot was removed for the determination of total nitrogen by the miero- 
Kjeldahl technique. To the remainder, including the slices, 1.0 ce. of 
20 per cent trichloroacetic acid was added. The solution with the pre- 
apitated protein was poured off from the slices and centrifuged. An 
aliquot of the supernatant fluid was analyzed for non-protein nitrogen !» 
micro-Kjeldahl, and another (after autoclaving) for ammonia nitrogen ly 
vacuum distillation for 10 minutes from 20 per cent sodium hydrdxide at 
60°. The values from these procedures were obtained by nesslerization 
and the estimation of the color in the Evelyn colorimeter. Finally, on 
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aliquot was used for the determination of amino nitrogen by the Vay 
Slyke nitrous acid method. Pefore this could be done, however, it was 
necessary to autoclave the solutions for 15 minutes at 20 pounds because. 
aerobically, liver and to some extent kidney slices produce acetoacetic acid. 
Which liberates nitrogen from nitrous acid. ‘The autoclaving in aeid 
destroys the acetoacetic acid and does not apparently hydrolyze peptide 
bonds, for this treatment causes no increase in amino nitrogen values from 
tissues incubated anaerobically. In fact, after autoclaving, the solutions 
are often cloudy, probably from a slight further precipitation of protein, 
The amount, however, is negligible and is included in the non-protein 
nitrogen values. By the Van Slyke procedure, under our conditions, 40 per 
cent of the nitrogen present as ammonia is estimated. It was therefore 
necessary to subtract 40 per cent of the ammonia nitrogen to obtain the 
true amino nitrogen values.! The protein nitrogen listed in Table T was 
obtained by subtracting the non-protein from the total nitrogen, and 
represents the amount precipitated by the trichloroacetic acid at room 
temperature. 30 per cent of this protein nitrogen is due to red cells and a 
few liver cells which separate from the slices. 70 per cent is due to protein 
in solution. 

Fig. 1 shows the change in all these values with time for kidney and 
liver slices, both anaerobically and aerobicaily. To obtain the initial 
values, the contents of one flask were removed without incubation and 
analyzed. Certain effects, which can also be seen in ‘able I, are immedi- 
ately obvious, and they can be summarized as follows. ‘The anaerobic 
condition increases the protein loss from the cells of both kidney and liver; 
it increases slightly the non-protein nitrogen in kidney and decreases it 
slightly in liver; it markedly increases the amino nitrogen in kidney and 
decreases it in liver; and finally, it decreases the ammonia nitrogen in 
kidney and increases it in liver. No variation from this pattern was 
observed in over forty experiments with as many animals. The aerobic 


‘Hamilton (1) has shown that both liver and kidney contain considerable quan- 
tities of glutamine. It is difficult to estimate the exact contribution of glutamine 
to the ammonia and amino nitrogen values. Glutaminase should be active aero- 
bically and anaerobically and therefore some of the estimated ammonia undoubtedly 
comes from glutamine hydrolyzed during the course of the experiment. Any un- 
changed glutamine would be converted to pyrrolidonecarboxylic acid by heating in 
acid and thus the amide nitrogen would also be estimated as ammonia. Therefore 
the ammonia nitrogen values listed in Table I include all the amide nitrogen ot 
glutamine except that fraction which, after hydrolysis by glutaminase, has been 
converted to other compounds. Any glutamic acid formed during the experiment 
will participate to an unknown extent in transamination. Its contribution to the 


amino nitrogen values is not predictable. It should be emphasized that the am- 
monia and amino nitrogen values are the result of a large number of metabolic proc 
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206 NITROGEN METABOLISM 


protein loss is probably in part an artifact due to the absence of protein 
in the solution and the unavoidable trauma from shaking the vessels. 


AEROBIC ANAEROBIC 
KIONEY LIVER KIONEY LIVER 
NHo- N 
+O.200 mg. 
-0.100 e 
r 
r 
NH3~-N 


RS 


Fig. 1. The changes with time in the various nitrogen fractions of 300 mg. of liver 
and kidney slices under aerobic and anaerobic conditions. 
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It is very little affected by hypertonic and hypotonic solutions (1.8 and 
0.45 per cent NaC] with all the other constituents present in normal 
concentrations); nor is it lowered appreciably by 4 days fasting of the 
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animal before removal of the tissues, when, presumably, some of the 
so called Jabile protein of the liver has disappeared. Absence of ealehum 
from the solution increases the aerobic protein loss, indieatime that the 
permeability of the cell membrane is, in part, a limiting factor: and an 
increase in this permeability under anaerobie conditions probably account. 
for the greater protein loss. 

In kidney the non-protein nitrogen is slightly higher amaeroteeally. hear 
the difference 1s so small that it would not be significant if if were mot o 
consistent finding. On the other hand, the amine nitrowen i uenalle more 
than doubled anaerobically, while the ammonia nitrowem mM marked!» 
decreased. ‘There is thus a reciprocal relation between these two amd of 
apparent that the precursor of most of the aerobic ammonia i a «ahetaner 
which requires oxidation before the ammonia is liberated. There i some 
anaerobic ammonia production but it is relatively «mall amd maw met be 
significant. 

In the liver the situation is exactly the reverse. “The nom-preteim and 
amino nitrogen are always less under anaerobic 
thus not only no hydrolysis of protein but actually an inhibition of process 
which are involved in the formation of non-protein nitrogen material 
The anaerobic ammonia nitrogen is always higher than the aerohee. for 
under these conditions urea production is stopped and any ammmomi formed 
tends to remain as such. The source of the anaerobic ammonia ix unknown 
but may be glutamine. 

Table I summarizes the effect of a number of substanees om the warhous 
nitrogen fractions. Pyruvate has two marked effeets. the 
protein loss from the liver anaerobically and to a less extent alee um the 
kidney. This decrease occurs whether the protein loss is high or low In 
the control experiments listed in Table I, it is the proteim lose that «lows 
the greatest variations. All the other figures are remarkably cometant 
Pyruvate decreases both the aerobie and anaerobic ammonia nitrewem 
kidney, causing ib corresponding increase in the amine trogen, fart 
some decrease in non-protein nitrogen. Glucose, on the other hand. 
without any significant effect. Pyruvate in its effect om anaerobic peotem 
loss may be acting as a hydrogen acceptor. If that ix so, it action is 
nevertheless highly specific, for fumarate has no effeet on 
The latter will, however, reduce the aerobic ammonia produetion im Kidney 
and cause some increase in amino nitrogen and decrease in pow protetw 
nitrogen. Amino acids and ammonia very definitely decrease the nom 
protein nitrogen. This result is obtained by subtracting the nitrogen added 
a8 amino acid or ammonium sulfate from the total non-protein Mit roget 
estimated. The reduction is significant in all cases except in the anaerothy 
liver. It is therefore probable that free ammonia as well as amino acide 
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prevents the normal breakdown of protein. The corrections in the amino 
and ammonia nitrogen values when nitrogen compounds are added are so 
large that the results are not significant. 

Avertin belongs to the class of halogenated organic compounds that may 
eause liver damage. Its main action is on the liver aerobic non-protein 
nitrogen and amino nitrogen, both of which are decreased. It causes a 
slight increase in aerobic protein loss in liver and kidney and a small depres. 
sion of aerobic ammonia production in kidney. Its preferential action 
therefore is on the liver, where it suppresses the production of non-protein 
nitrogen and in particular the formation of amino groups. Cyanide has 
exactly the same effect as anaerobiosis, and when it is added to slices jn- 
cubated anaerobically it has no added effect. Therefore, it does not in- 
crease catheptic activity in kidney or liver under these conditions, — p- 
Vhenvlenediamine is also a respiratory inhibitor and its effects are similar 
to those of evanide, but are less marked. 

All the above experiments were done at pH 7.4 where autolysis oceurs 
more slowly than in acid solutions. In order to test the extent of autolytic 
activity at pH 7.4 and under identical conditions liver and kidney cell 
suspensions were made by grinding in a mortar with sand. The initial 
amino nitrogen in the kidney suspension was 0.258 mg. and after 3 hours 
nerobic incubation rose to 0.528 mg. The corresponding values for liver 
were 0.226 mg. and 0.406 mg. Cvanide and anaerobiosis did not increase 
these figures and this imdicates that they are the result of proteolytic 
activity not dependent on reducing agents such as sulfhydryl groups. The 
existence of this tvpe of autolvsis was shown by Bailey et al. (2) for hog 
liver. The protein hydrolyzed at pH 7.3 is, according to Luck ef al. (3), 
a globulin If. Thus broken cell suspensions show definite autolysis under 
conditions in which tissue slices show little evidence of it. 

I-xperiments with heart slices show that this tissue is much less active 
than liver or kidney in the production of ammonia, amino, and non-protein 
nitrogen. More protein is lost from the slices, possibly because of the 
syneytial structure. Anaerobic conditions, hypotonicity, absence— ot 
ealeium, and avertin have minimal effects. If the cells are completely 
destroved autolysis occurs. 


DISCUSSION 


Under the conditions of the experiments it is not possible to say how 
much the aerobie protein loss from the cells is due to trauma and how much 
is due to normal diffusion. It is, however, evident that anaerobic cond 
tions greatly increase protein loss and that this is the only anaerobi¢ 
effect common to both liver and kidney. It seems probable that a similar 


protein loss from cells to intracellular fluid occurs in vivo when the blood 
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supply to an area is occluded. This loss apparently is the first resetion 
for it occurs zn vitro when there is no evidence of any autolysis When 
autolysis occurs 77 vivo, it probably does so only after a considerable portion: 
of the protein has leaked out of the cell. In the above experiments abeur 
one-third of the dry weight of the tissue slice is lost as protein to thy 
surrounding fluid under anaerobic conditions lasting 3 hours 


SUMMARY 


1. The protein, non-protein, amino, and ammonia nitrogen values have 
been estimated after incubating rat liver and kidney slices under variow 
conditions. 

2. Anaerobic conditions in the kidney cause an increased protein lose, a 
sight increase In non-protein nitrogen, a large increase in amine nitrogen 
with a corresponding decrease in ammonia nitrogen. 

3. Anaerobic conditions in the liver cause an increased protein joss, 
decrease in non-protein nitrogen, a decrease in amino nitrogen, and an 
increase IN ammonia nitrogen, which results, except for the protein loss, are 
exactly opposite from those in the kidney. 

4. The effect of pyruvate, glucose, fumarate, amino acids, and warious 
drugs on these patterns is described. 
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AN ELECTROPHORETIC ANALYSIS OF CHANGES PRODUCED 
IN BLOOD SERUM AND PLASMA PROTEINS BY HEAT IN 
THE PRESENCE OF SUGARS* 
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Van der Scheer and associates (1), using the electrophoretic procedure, 
demonstrated the formation of a colloidal component C in norma! horse 
serum that had previously been heated to 65°. As Beilinsson (2) and others 
(3) had shown that the coagulation of egg albumin by heat could be pre- 
vented by treating the albumin solution with sugars and sugar alcohols, it 
was thought that a similar treatment of blood serum and plasma might also 
prevent coagulation and even prevent the formation of the C component. 
In a preliminary experiment (4) in which bovine plasma was saturated 
with d-glucose, heat coagulation and the formation of the C component 
were prevented. 

The present study was undertaken for the purpose of comparing the 
efiects of d-galactose, d-fructose, d-mannose, /-arabinose, d-xylose, sucrose, 
and d-mannitol as well as d-glucose in plasma and serum on the formation of 
theC component. The change or absence of change in bovine blood serum 
or plasma was followed electrophoretically by the moving boundary method 
of Tiselius (5). 


EXPERIMENTAL 


The plasma and serum samples studied were either saturated or half 
saturated with the sugars or mannitol at room temperature. They were 
placed in Erlenmeyer flasks, stoppered, and placed in a constant tem- 
perature water bath. Heating was then carried out under the conditions 
noted in Table I. The amount of precipitate formed during the period of 
heating varied from no visible precipitate when certain of the sugars were 
emploved to nearly 100 per cent precipitation of the plasma and serum 
proteins in the case of the controls. Any precipitate formed during the 
period of heating was removed by centrifugation. The sugar or mannitol 
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was removed by dialysis against distilled water. ‘The protein concentratigy 
of the sample was determined and adjusted to that used for study before 


electrophoresis experiments were carried out. 


TABLE I 


Heating Experiments 


ment Sample Material added 
1 1. Bovine plasma None Control 
2 2 Saturated, d-glucose 
3 | None hr. at 65° 
| Half saturated, d-glucose 
5 | 5 | | Saturated, d-glucose 
Yi | Half saturated, d-glucose | 1 ‘* ‘ 56° 
8 | Saturated, d-glucose | 
9 | ‘+ serum Control 
12 | | és {-arabinose 
15 {| 6) | lactose 
Fractionated plasma None Control 
19 | 8) 1 hr. at 65° 
21 | Saturated, d-glucose 
221 9 None Control 
23 | 10 hr. at 65° 
24 | Half saturated, d-glucose | 1 ‘ 65° 
29 | Bovine plasma None 
27 | 13 | 5 days 56° 
28 | 14 | Saturated, d-glucose 
29 | | None (supernatant from 
| periment 30) 
30 15 C component 


Electrophoretic examinations were carried out in a manner described 
previously (6). In all cases the samples to be analyzed were dialyzed 
against large volumes of diethvlbarbiturie acid-sodium diethyl! barbiturate 


buffer of pH 8.6 and ionic strength 0.1. 


Electrophoresis of the dialyzed 


samples was carried out under the conditions shown in Table I. 
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For purposes of calculation, the areas of the albumin, a- and a,- 
globulins, and the C component when present were determined in arbitrary 
planimeter units. Since the C component had about the same mobility as 

TaBLe II 
Electrophoresis Experiments 
ee | | | | | Relative concentration: 
Experiment) | Electro- | Potential | Protein con- Mobility 
No. Fig. No. | phoresis time : gradient | centration | ee ae vg apa C component 
| | | Albumin | ‘!bumin 
| | S€C. volis per cm. | per cent | | 
1 10,100 6.63 2 | 0.394 | 
3 3 | 10,000 om 3 5.08 
4 4 10,000 6.45 2 0.710 
5 5 10,000 6.90 2 | 0.390 | 
5 10,300 | 6.8538 2 5.10 | 0.750 
7 10,000 6.38 2 0.500 | 
8 12,000 | 5.46 2 0.469 | 
9 | 10,000 | 5.50 2 0.398 

10 10,000 | 2 8.97 

10.000 7.35 2 4.79 0.257 | 

12 10.000 7.13 ? 

13 10000 325 

14 10000 7.16 2 203 

15 10,100 6.95 2 3.66 

i6 10.000 7.30 2 4.06 

| 17 11,000 7.48 2 
| 10,000 6.52 0.66 0.393 

19 6.96 5.63 | 2.30 

20) 11,0000 6.95 D 0.752 

21 10,200 6.7: ().443 

22 6 000 6.32 182 

23 10 11,000 6.31 l O45 1.66 

10,000 

25 1] 10,000 6.65 2 1.15 1.15 

12 10,000 6.51 2 1.90 

2s 14 10, 200 6.63 5.10 0.79 

29 | 10,200 6.3S 2 

5,000 6.43 0.33 1.68 3.66 
the a-globulins, it often masked them when present. Therefore, it was 
decided to determine the a;- plus a2-globulin-albumin ratio where dis- 
eenible and the C component-albumin ratio in the other cases. A normal 
value for the former ratio would indicate the absence of C component and 

| 4value higher than normal, its presence. 
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An electrophoretic pattern of normal bovine plasma is shown in Fig. |. 
A pattern of the same plasma is shown in Fig. 2 after having been Saturated 
with d-glucose and the sugar removed by dialysis. The pattern resembles 
that of normal plasma and the a-globulin-albumin ratios of 0.394 and 0.389 
were In good agreement. 

The pattern containing the C component shown in Fig. 3 was obtained 
after heating a sample of the same plasma at 65° for | hour. 


A C com. 
ponent-albumin ratio of 3.70 was observed. 


A 


Fic, 
Fic. 1. Llectrophoresis pattern of normal bovine plasma. 
Fic. 2. Bovine plasma saturated with ¢-glucose and the sugar removed by dialysis 


QA 


§ 
A 


Fic. 3 
Kia. 3. Bovine plasma heated at 65° for 1 hour. 
ria. 4. Bovine plasma half saturated with ¢-glucose and heated at 65° for 1 hour. 


Fig. 4 shows the effect of heating the plasma under the same conditions 
when half saturated with d-glucose. The C component-albumin_ ratio 
decreased to 0.71. It is of interest to note that the 3-boundary disturbance 
in this case was observed as two spikes in the descending pattern and as one 
in the ascending. It is possible that heating alters the lipid-proteim com- 
plex which is considered the cause of the 8-boundary disturbance (7). 

An electrophoretic pattern of normal bovine plasma after having beet 
saturated with d-glucose and heated is illustrated by Fig. 5. The ascend- 


ing and descending patterns show little change from the normal. The 
boundary disturbance appears on both patterns. The tibrinogen-albumin 
ratio was less than that recorded in normal plasma. 
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| In Table I1, Experiment 6, are shown the results obtained when bovine 
plasma was heated at 56° for 1 hour. The C component-albumin ratio in 
this case was 0.750 as compared with the value of 3.70 observed under sim- 
Jar circumstances at 65° in Experiment 3. When bovine plasma was halt 
saturated or saturated with d-glucose and heated at 56° for 1 hour, the for- 
mation of the C component was suppressed. The a-globulin-albumin ratio 
was 0.500 and 0.469 (experiments 7 and &, Table 

Further experiments were carried out at 65° with normal bovine serum 
and serum saturated with other sugars and with d-mannitol. Norma! 
hovine serum (Experiment 9) gave an a-globulin-albumin ratio of 0.308. 
The C component was formed when a sample of the serum was heated at 
65° for 1 hour. VYhe C component-albumin ratio was 8.97. When serum 


5 Fic. 6 


Fic. 5. Bovine plasma saturated with d-glucose and heated at 65° for | hour 
Fic. 6. Bovine serum saturated with lactose and heated at 65° for 1 hour 


was saturated with d-galactose and heated at 65° for 1 hour, the eleetro- 
phoretic patterns do not show a-globulin or the C component. The « 
globulin-albumin ratio was 0.257 (Experiment 11). 

When serum was heated in the presence of /-arabinose, the formation of 
the C component was not completely suppressed. The C component failed 
toseparate from the albumin sufficiently to calculate the ratio (Experiment 
12). 

Sucrose and d-fructose completely inhibited the formation of © com- 
ponent. When lactose (Fig. 6), d-mannitol, and d-xylose were employed 
‘Experiments 15, 16, and 17), the C component appeared as two overlapping 
components. In the case of d-xvlose, the C component failed to separate 
from the albumin sufficiently to calculate the ratio. Qualitatively, the 
changes in the electrophoretic patterns in Experiment 17 in which d-xylose 
was employed appeared to be of the same magnitude as was observed in 
Experiment 12 with /-arabinose. 

Critical examination of the heated plasma samples shown in Figs. 3, 4, 
and 5 shows a decrease in the concentrations of 3- and y-globulin and fibrin- 
gen. It might be surmised that the C component forms at the expense of 
these three components. However, Experiments 9 through 17 carried out 
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with bovine serum show that the C component can form in the absence of 
fibrinogen. 

In an attempt to obtain more information on the origin of the C com. 
ponent, normal bovine plasma was fractionated with cold 40 per cent 
ethanol according to the method described by Cohn ef al. (8). The pro. 
cedure employed consisted of placing normal bovine plasma to be fraction. 
ated in an agitated cellophane membrane which could be suspended in ap 
ethanol solution. The ethanol was then added to the plasma by diffusion, 
In order to prevent denaturation of the plasma proteins by the ethanol. 
the entire operation was carried out at 0° and the gradient of ethanol within 
and without the membrane was maintained as small as convenient. In 
practice the samples were equilibrated against 10, 20, and 30 per cent 
ethanol and finally against 40 per cent ethanol. No attempt was made to 
adjust the pH of the ethanol solution or the plasma. The fraction remain- 
ing in solution after equilibrium against cold 40 per cent ethanol was dia- 
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Fic.7 kia. 


¥1G.7. Bovine plasma fraction soluble in 40 per cent Seine at 0°. 
Fig. 8. Bovine plasma fraction soluble in 40 per cent ethanol at O° after heating 
for 1 hour at 65°. 


lvzed against several changes of potassium phosphate buffer of pH 7.2 and 
ionic strength 0.1. The electrophoretic pattern of this fraction is shown in 
Fig. 7. It appeared to be a mixture of albumin and a@- and £6-globulins. 
The dialyzed fraction was divided into three portions. One was heated at 
65° for 1 hour, one was half saturated, and one was saturated with d-glucose 
and heated as the untreated portion. Fig. 8 shows that the C component 
appears in the absence of either fibrinogen or y-globulin. Its appearance 
was partially suppressed in the other two treated portions of the fraction- 
ated plasma. 

A more complete fractionation of normal bovine plasma, in the manner 
described above, with 52 per cent ethanol at —5°, resulted in the soluble 
fraction shown in Fig. 9. This fraction was a mixture of albumin and 
a-globulins. It was dialyzed as described previously and divided into 
three portions. One was heated at 65° for 1 hour, one half saturated, and 
one saturated with d-glucose and heated as the untreated portion. As 
shown in Fig. 10, the C component formed but failed to separate com- 
pletely from the albumin component. Its electrophoretic mobility was 
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6.77 X 10-§sq. cm. The a2-globulin peak is absent. The electrophoretic 
patterns obtained on the two d-glucose-treated portions did not show the 
C component. 

Further attempts to determine the origin ot the C component were carned 
out by heating samples of bovine plasma at 56° for extended periods of 
time. Fig. 11 shows the electrophoretic patterns obtained after heating 
bovine plasma for 24 hours. The C component-albumin ratio was 1.15. 
The albumin, fibrinogen, and globulin concentrations decreased. In a 
similar experiment at 56° heating for 48 hours caused the changes shown in 
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Fic. 9 Fic. 10 
Fic. 9. Bovine plasma fraction soluble in 52 per cent ethanol at —5 
Fic. 10. Bovine plasma fraction soluble in 52 per cent ethanol at —5 after heating 
for 1 hour at 65°. 
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Fig. 11 Fig. 12 


Fic. 11. Normal bovine plasma heated at 56° for 24 hours 
Fic. 12. Normal bovine plasma heated at 56° for 48 hours 


Fig. 12. The C component-albumin ratio was 1.90. Fig. 13 was obtained 
alter heating plasma for 5 days at 56°. At the end of this period of heating 
the sample contained a large amount of precipitate and was very viscous 
It was found that under these conditions 80 per cent of the plasma protein 
had been rendered insoluble. Centrifugation was used to clarify the 
sample. Most of the C component was removed through this treatment 
AC component-albumin ratio of 0.95 is obviously not a true indication of 
the amount of C component formed. In this case, there was a further de- 
crease in albumin, fibrinogen, and globulin concentrations. The presence 
of a new component migrating ahead of the albumin fraction ix aleo shown 
in Fig. 13. 
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The formation of the C component was diminished in plasma that had 
been saturated with d-glicose and heated for 7 days at 56°. The plasma 
remained clear, though it may be observed from the electrophoretic pattems 
(Fig. 14) that physicochemical changes occurred during the period of heating, 
The C component-albumin ratio was 0.79. 

Van der Scheer and associates (1) were able to separate the C component 
completely by dialyzing heated serum in distilled water and adjusting to 
pH 6.0. The C component was then removed by centrifugation and was 
dispersed in alkaline saline solution. An electrophoretic examination of 
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Fic. 13. Normal bovine plasma heated at 56° for 5 days 
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Fic. 14. Bovine plasma saturated with d-glucose and heated at 56° for 7 days 
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Fic. 15. C component isolated from heated bovine plasma 


this dispersion showed the C component to be homogeneous. Their pro- 
cedure was applied to heated bovine plasma by the authors. An electro- 
phoretic examination of the dispersion produced the patterns shown in 
Fig. 15. The C component appeared homogeneous and had a mobility of 
the order observed previously in the heated samples. Only a small portion 
of the C component was removed by following the method employed by 
van der Scheer and coworkers. 


DISCUSSION 


Van der Scheer and associates (1) found that heating serum albumin by 


itself did not result in C component formation under conditions which 


caused it to appear in a serum globulin fraction that was free of albumin. 
These authors explained its formation by assuming that the globulin m 
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-grum became denatured during heat treatment and aggregated to form a 
colloidal suspension of particles tairly uniform with respect to the electrical 
charge they carried. The fact that serum albumin by itself did not produce 
the C component when heated under conditions which caused its formation 
in serum, with a corresponding decrease in the albumin coneentration, 
Was explained by assuming that albumin was bound tip? it the collonial © 
component. 

The present study shows that the C component is formed when bovwime 
serum or plasma and certain tractionated bovine plasma samples are heated. 
As yet a globulin-free albumin fraction has not been studied. However, 
preliminary experiments with bovine plasma and serum globulin fractions 
have shown the presence of a new component following heating. The 
present studies on various fractionated bovine plasma samples show that 
the component forms in the absence of fibrinogen and and 3 

The fact that there was such a wide variation in the electrophoretic mo- 
bility of the C component (Table I]) mm spite of its apparent electrophoretic 
homogeneity may be due to ditferent comecentrations of albumin in the 
colloidal, denatured protein-albumin complex. 

No satisiactory explanation of the mechanism of the imbibiting action 
of the various substances studied against the formation of the C compote t 
is possible at present. Earlier work (3) indicated that the inhibiting action 
could not be explained on the formation of “swmpleves,”’ an idea suggested 
by von Przylecki and Cichocka (9). Schubert (10) prepared crystalline 
compounds of several sugars with cysteine, but was unable to prepare a 
crystalline derivative of cysteine with d-fructose, so concluded that an 
aldehyde group was involved. However, in the present work both sucrose 
and d-mannito) have shown some prevention of the formation of the C 
component, and earlier work (3) has shown that these same substances and 
also d-fructose have inhibited the formation of sulfhwdrv! groups during the 
-heating of egg albumin. Ballou. Bover, Luck, and Lum (11) beliewe the 
action of various anions, such as the Cuprs late ion, which are active at even 
higher temperatures than those used in the present work, is due to an asso- 
cation by electronic attraction of the (COO group with the exposed amino 
groups (—NH;*), the latter formed as a result of the unfolding of the al- 
bumin molecule. This attraction, they point out, along with the influence 
of the non-polar portion of the anion with the non-polar part of the amino 
acid side chains, would keep the protein in solution. There is no evidence 
to show that sugars would act in a similar manner. From «a chemical view- 
point it is not clear why certain of the substances used in the present work 
failed to prevent the formation of the C component. whereas others gave 
essentially 100 per cent inhi! ition. 
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SUMMARY 


d-Glucose inhibited the formation of the C component when bovine 
plasma was heated under conditions that caused its formation in the absence 
ot d-glucose. 

d-Galactose, l-arabinose, sucrose, d-fructose, lactose, d-mannitol, and 
d-xylose all showed some degree of inhibiting action against the C compo. 
nent formation in heated bovine serum. 

Aging in the presence of d-glucose did not alter the electrophoretic pat. 
terns of bovine plasma. 

Studies on bovine plasma fractions gave further evidence of the inhibiting 
action of d-glucose against C component formation but did not explain the 
mechanism of its formation. The C component was formed by heating an 
albumin-a-globulin fraction of bovine plasma. 7 
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STUDIES ON THE ENZYMATIC SYNTHESIS OF DEXTRAN 
FROM SUCROSE* 


By EDWARD J, HEHRE 


(From the Department of Bacteriology and Immunology, Cornell University Medical 
College, New York City) 


(Received for publication, January 3), 1946) 


The syntheses of dextrans (1-5) and levans (6-10) from sucrose by 
enzymes from certain bacteria and the syntheses of glycogens and starches 
from glucose-l-phosphate by phosphorylases from yeast (11) and animal 
(12-15) and plant (16, 17) tissues have a fundamental point of similarity 
in that, with all of them, the substrate contains the basic unit of the final 
polymer product in the form of a glycoside radieal (5). A point of difference 
from the glycogen and starch syntheses is that phosphorylated compounds 
apparently are not required in the syntheses of dextrans and levans 5, 
8). A further distinction is that the enzymatically swnthesiged dextrans 
and levans that we have studied (1, 2, 4, 9) are serologically active; thie 
feature, although not representing a fundamental difference in the «wntheses 
themselves, is of special interest to the bactenologist, and has been utilimed 
to particular advantage in examining the question of the likeness between 
the polysaccharides synthesized by the cell-free enzymes and the natural 
polysaccharides formed in the living bacterial cultures (2, 4). 

The present paper deals with some aspects of the kinetics of dextran 
formation from sucrose by enzymes from a strain of Leuconesfoe mesen- 
erodes. Previous papers (1, 2, 4, 5) included data indicating that this 
enzymatic reaction consists of the conversion of n molecules of suerose to a 
polymer of n glucose anhydride units plus n molecules of fructose, and also 
data showing that the enzymatically svnthesized dextran agreed in sero 
logical as well as in chemical properties with the dextran elaborated in living 
cultures of the bacteria from which the enzymes were derived. The present 
object is to present data on the equilibrium point, velocity constants, and 
other aspects of the reaction, which could be studied more adequately with 
the more potent enzyme preparations described in this paper than with the 
enzyme preparations utilized in the previous studies, 


EXPERIMENTAL 


Preparation of Enzymes-— 5 liters of a culture of Leuconostoc mesenteroides 
(the previously utilized B strain) represented the usual starting material. 
The culture medium comprised sucrose 4 per cent, Bacto-peptone 1.5 


*This work was supported by a grant from the Sugar Research Foundation 
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per cent, NaCl 0.5 per cent, and NasHPO, 0.1 per cent; it was heayily 
seeded and was incubated for 2 davs at 23°. The final cultures were 
opalescent and viscous, and had a pH of from 4.5 to 4.8. To each lite; 
of culture fluid, decanted from the gum that was deposited at the bottom 
of the flasks, 370 gm. of ammonium sulfate were added. The mixture was 
centrifuged for 1 hour at 1500 r.p.m., and the supernatant fluids which 
contained most of the preformed dextran were decanted from the precipi- 
tates which contained the enzyme. The precipitates were drained in the 
cold for 30 minutes, and were further freed from preformed polysaccharide 
material by washing three times with 250 ml. of half saturated ammonium 
sulfate in 0.1 per cent acetic acid. For each washing, the sticky precipitate 
was carefully worked from the bottoms and sides of the centrifuge tubes 
into the acid wash fluid with the aid of a rubber policeman; the suspension 
was then centrifuged and the wash fluid decanted. The final washed 
precipitate, which contained large numbers of bacterial cells in addition to 
the enzyme, was drained and then extracted with 100 ml. of 0.025 citrate 
buffer (pH 6.3). Following a preliminary centrifugation, the extract, 
readjusted if necessary to pH 6.3 with ammonia, was centrifuged for 2 
hours at 2500 r.p.m. in collodion tubes set in a 14 inch angle head. The 
resulting solution, which was faintly opalescent but entirely tree of bacteria, 
was treated with an equal volume of 1.0 mM acetate buffer (pH 4.3), stored 
overnight at 4°, and then centrifuged at high speed in the cold. The 
precipitate, which contained most of the active enzyme together with con- 
siderable material (probably primary proteose) derived from the ‘‘peptone” 
of the culture medium, was taken up in 100 ml. of 0.025 M citrate buffer 
(pH 6.3), cleared by centrifugation, and stored in a solid COz freezing 
chamber at approximately —70°. 

Enzyme-Substrate Mixtures—The sucrose used as substrate in the experi- 
ments was a sample of beet sugar known to be free of dextran; it was used in 
place of reagent sucrose, because the latter usually contains appreciable 
amounts of material that has the serological properties of Leuconostoc 
dextran (18, 19). Unless otherwise noted, solutions of the sucrose were 
prepared in 0.1 M acetate buffer (pH 5.6) immediately before use. The 
incubation of all enzyme-substrate mixtures was at 23°; after the proper 
interval the reaction was stopped, usually by diluting the mixtures 5-fold in 
0.02 x sodium hydroxide. Immediately thereafter analyses of the enzyme- 
substrate mixture were made for one or more of the components of the 
reaction (free reducing sugar, dextran, sucrose). 


Analytical Procedures 


Reducing sugar was determined “‘as glucose’’ in triplicate analyses by 
the method of Hagedorn and Jensen (20). This procedure was considered 
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applicable to the determination of the free reducing sugar, which w fruetose. 
qs well as to the determinations of dextran and sucrose, because fructose 
and glucose have essentially the same reducing capacity when assayed 
by this method. 

‘For the estimation of dextran the sample to be analyzed was diluted 
5-fold in 10 per cent sodium acetate and then treated with 1.5 volumes of 
95 per cent alcohol. The precipitate, collected by centrifugation of the 
mixture after it had been in the ice box for several days, was taken up in | 
x sulfuric acid and hydrolyzed in a sealed tube immersed in boiling water for 
6 hours. The reducing sugar content of the neutralized hydrolysate was 
taken to represent the dextran content. ‘That basis was used, ewen though 
a polyglucoside theoretically would be calculated as 90 per cent of the 
amount of reducing sugar liberated on hvydrolvsis, because reducine smear 
values obtained (2, 21) following hydrolysis of purified dextrans hawe been 
found to be consistently lower than those theoretically expected and to 
approach more closely the weight of the dextran taken for analysis 

Sucrose was determined in duplicate by a modification of the procedure 
of Shapiro (22), which involves the destruction of reducing sugars by mean 
of alkali prior to the determination of reducing power of the orga! and of 
the inverted solution. For the alkali pretreatment, 1.0 ml. of the enawme 
substrate mixture to be analyzed was heated at 100° for 25 minutes with 
1.5 ml. of 0.5 N sodium hydroxide; the alkaline mixture was cooled, newtral. 
ied with 0.1 N hydrochloric acid, and brought to 20.0 ml. Newt, the 
reducing sugar content was determined both before and after tnwerion 
Reducing sugars after inversion were measured upon 3.0 mil. portioms to 
which had been added 1.0 ml. of highly potent invertase in 0.1 w acetate 
buffer (pH 4.6) and, after incubation for 1 hour at 23°, 10.0 ml. of @©:.O15 
x sodium hydroxide. Reducing sugars before inversion were determined 
in the same way except that the invertase was not added until immediately 
before the analysis. The sucrose content was calculated as 0.96 of the 
difference between the reducing sugars before and after inversion 

General Course of Reaction—The over-all action of Leuconostoc enayme 
upon sucrose can be illustrated by the data from an experiment in whieh « 
mixture of equal volumes of enzyme and of sucrose solution was analyzed 
after various periods of incubation for sucrose, dextran, and free reducing 
“ugar, and also for serological reactivity. 

It is evident (Fig. 1) that the conversion of sucrose to dextran and free 
reducing sugar began without a noticeable lag period, proceeded at a rate 


that diminished in an orderly way with time, and finally approached 


completion. Throughout the reaction there was a regular relationship 
between the dextran and the free reducing sugar produced: on a weight 
basis, the amount of free reducing sugar alwavs slightly exceeded the 
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amount of dextran; furthermore, the formation of dextran and reducing 


sugar was associated at all periods with a corresponding loss of sueroge 
These relationships are consistent with the equation 


Sucrose Dextran Fructose 
which was suggested earlier (1, 2) as an approximate expression of the 
reaction of dextran formation by the enzyme from this strain of bacteria 


| Serological reactivity 


12,000 
<— 16,000 
+ <— 16,000 
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Yextran + free reducing sugar 


Free reduci ng Sugar 


Carbohydrate, mg. per 


4.0/- Dextran 
Va 
Sucrose 
0 8 16 24 32 40 


Time in hours 


Fic. 1. Time curves for the conversion of sucrose to dextran and free reducing 
sugar. Serological reactivity represents the highest dilution of the enzyme-sucrose 
mixture that gave precipitation with a dextran-reactive sample of type 2 pneumo- 
coecus antiserum (21, 23). 


The possession of serological properties by the enzymatically synthesized 
dextran is illustrated by the marked increase in serological reactivity which 
accompanied the conversion of the sucrose to dextran. Detailed data on 
the specificity of the serological reactions of the enzymatically synthesized 
dextran have been given in previous papers (2, 4). 

Equilibrium—Mixtures of enzyme plus several different concentrations 
of sucrose were incubated for relatively long periods of time and then 
analyzed for their contents of sucrose, dextran, and reducing sugar. A8 
shown in Table I, the conversion of sucrose to dextran and free reducing 
sugar went nearly to completion in all the experiments. That is, the 
concentrations of sucrose, reducing sugar, and dextran found on analysis 
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agreed closely with those calculated on the basis that all the sucrose was 
converted to dextran and fructose! according to the previously proposed 
equation. Although the reaction did not go to absolute completion, the 
amount of residual sucrose found on analysis was always smal! and repre. 
sented only 0.1 to 1.2 per cent of that originally present. (The walidity 
of these low values was proved by the nearly quantitative recoveries of 
sucrose in control tests in which small amounts (0.5 per cent of that initially 
present) were added to samples of the mixtures just before their analyst.) 

In respect to the minimal amounts of substrate remaining when the 
reaction approaches equilibrium, the condensation of sucrose to dextran 
by the Leuconostoc enzyme resembles the hydrolysis of sucrose by invertase 


TABLE I 
Approximately Complete Conversion of Sucrose to Dertran and Fructose by Leuconostoc 
Enzyme 
Final concentrations of reactants 
Sucrose, initial) Time of incu- Found on analysis | Expected* 
concentration bation | — 
Sucrose | Dextran | Fructose | Dextran 
meg. per mil, hrs. | mez. per mi. mc. per ml. | me. per mi. me. per mi me. per me 
5.0 24 0.02 2.60 2.47 2 63 2.37 
48 | 0.01 2.63 2.42 2.63 2.57 
10.0 | 40 | 0.01 5.16 4.65 5.26 +74 
50.0 | 27.0 22.8 26.3 23.7 
j 


*Expected on the basis of complete condensation of the sucrose according to 
Equation 1. 


(25), but differs from the enzymatic syntheses of glveogen, starch, and 
sucrose by phosphorylases, which reactions reach equilibrium long before 
the substrate is completely utilized (13, 16, 26). Further evidenee of the 


‘Direct evidence was previously obtained (2) that fructose is a product of the 
reaction. The following additional data show that little if any glucose accompanies 
the fructose. A portion of the enzyme-sucrose mixture from the last eXperiment im 
Table I, which was known to be near completion, was treated with 63 wolumes of 
alcohol in order to remove the dextran and enzyme material. The supernatant 
fluid, which contained the reducing sugar, when examined with a Sehmidt and 
Haensch polarimeter made available through the courtesy of Dr. du Vigneaud of 
the Department of Biochemistry, gave an optical rotation of ac = —0.30° (« = 0.368 
in 80 per cent ethyl alcohol, | = 2 dm.), which agreed well with the rotation of erve- 
talline fructose, ay = —O0.41° (c = 0.368 in8O per centethyl aleohol, / = 2dm More- 
over, the supernatant fluid and a solution of crystalline fructose which showed the 
same reducing sugar content, when analyzed by the Hagedorn-Jensen (20) method, 
gave identical fructose values when analyzed by the Roe (24) procedure. 
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difference between the position of equilibrium in the dextran synthess 
and those in the svntheses by phosphorylases is that, with the latter, pe. 
versal of the reactions can readily be demonstrated by addition of the 
enzymes to mixtures of the products, whereas no evidence of reversal was 
obtained in analogous experiments in which the dextran-synthesizing 
enzyme was added to mixtures of fructose and dextran. As shown jp 
Table IT, no sucrose was formed and no loss in fructose or dextran occurred 
either in pH 5.6 acetate buffer which represented conditions analogous to 
those under which the formation of sucrose from glucose-1-phosphate and 
fructose has been demonstrated (26), or in pH 7.6 phosphate buffer which 
gave conditions analogous to those under which reversal of glycogen and 
starch syntheses has been accomplished (13, 16). However, the negative 


TABLE II 
Attempts to Show Reversal of Reaction of Dextran Synthesis 


Analysis of enzyme-substrate mixtures 

Buffer utilized _incu- 
bation Sucrose Fructose | Dextran 

0.05 M acetate, pH 5.6 0) <0.01 4.82 4.31 1:20,000 
48 <0.01 4.79 4.32 | 1:20,000 
0.05 ** phosphate, pH 7.6 ) <0.01 | 9.42 8.82 1:40,000 
48 <0.0] | 9.53 1:40 ,000 


* Highest dilution of enzyme-substrate mixture that gave precipitation in tests: 


with type 2 pneumococcus antiserum. 


results in Table II do not imply that reversal of dextran synthesis might 
not be demonstrated by some indirect method such as that recently used 
by Doudoroff and O'Neal (27) in the case of levan synthesis. 

Reducing Sugar As Index of Dextran Formation—The data from the 
experiments of Fig. 1 and Table I, as well as from earlier experiments 
(1,2), showed that the amount of reducing sugar formed closely paralleled 
the extent of conversion of sucrose to dextran. The ratio of reducing 
sugar to dextran in all experiments averaged 1.14, which agrees well with 
the ratio of 1.11 expected on the basis of Equation 1. Because of the con- 
stancy of this ratio, analysis for reducing sugar was utilized as the measure 
of dextran formation in the remaining experiments of the present paper, 
in a way analogous to the use of inorganic phosphate as an index of starch 
and glycogen formation in systems containing phosphorylase and glucose- 
1-phosphate. The acceptability of the reducing sugar as a measure of 
dextran formation was supported by evidence from other experiments 
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that enzyme preparations from the present strain of Leuconostoc cause no 
appreciable hydrolysis, phosphorolysis, or levan formation from sucrose, 

Effect of Substrate Concentration on Initial Rate of Reaction—A serves 
of mixtures was prepared in which 0.2 ml. of enzyme and 0.8 ml. of different 
concentrations of sucrose in buffer (pH 5.6) were incubated at 23° tor | 
hour. The reaction was stopped by the addition of 4.0 ml. of 0.02 
NaOH to the mixtures, aitter which the content of reducing sugars Was 


=) 


Vv =initial velocity 


mg. reducing sugac/ml.enzyme/ hr. 


0 200 400 600 
C= sucrose concentration, mM 
Fig. 2. Effect of substrate concentration on the initial velocity of dextran «yn 
thesis. The broken line represents the curve expected from the equation of Michaels 
and Menten. 


measured. The data are plotted in Fig. 2, along with the theoretical 
curve expected according to Equation 2 (cf. Michaelis and Menten (2S 


V max. C 


in which v is the observed velocity of enzyme action (mg. of reducing sugar 
produced per ml. of enzyme per hour), C is the molar sucrose concent ration 
for velocity v, and Vax. is the velocity for full saturation of the enzyme. 
In constructing the curve based on Equation 2, the value of Vass. (4.59 
mg. of reducing sugar per ml. of enzyme per hour) was caleulated trom 
the data obtained with sucrose concentrations below 200 mM, by application 
of the graphic method introduced by Lineweaver and Burk (29). 

Fig. 2 shows that the velocity of dextran formation rises with increasing 
substrate concentrations up to about 200 mM, but then declines as the 
substrate concentration is further increased. This behavior does not 
completely follow Equation 2 in that velocities lower than the theoretical 
are found at the higher substrate concentrations. A similar phenomenon 
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occurs With urease, invertase, and other enzymes. In the case of invertase, 
the deviation from the Michaelis and Menten equation has been shown 
by Nelson and Schubert (30) to be due to the low molecular concentration 
of one of the reactants (water) in the strong sucrose solutions. The 
deviation in the case of the Leuconostoc enzyme might be due to the same 
factor; considerable amounts of water unquestionably are “bound” during 
the formation of the colloidal solution of dextran; so that water perhaps 
can be regarded as a reactant in the sense that it hydrates the newly 
synthesized dextran. 


TABLE III 


Determination of Value of K, for Dextran-Synthesizing Enzyme 


_— Experiment 1 | Experiment 2 
Cc | Ks | | K, 
mM me. per | mM | mM | mg. per ml.* mM 
10 1.58 | 19.1 10 12.58 20.2 
20 62.33 | 19.5 1.94 18.2 
40 3.08 19.7 16 | 2.10 20.3 
60 3.48 19.3 20 | 2.47 18.6 
SO 3.60 22.0 25 2.70 49.1 
120 4.00 40 3.30 17.7 
160) 4.03 22.0 Lag 00 19.0 
200 4.20 18.6 
4.59 | 

Average ..... 19.8 | 19.0 


— —— — 


* Meg. of reducing sugar produced per ml. of enzyme per hour. 


The concentration of sucrose (A,) at which the dextran-synthesizing 
enzyme works at half maximal speed was calculated from the data both 
of the foregoing and of a second similar experiment. It is evident (Table 
Ii1) that the A, was 19 to 20 mm, which is reasonably near the A, values 
(16 to 40 mM, 20 to 60 mM) reported for veast invertase (31) and for 
levansucrase (6, 10) but definitely higher than that (4.8 to 6.4 mM) reported 
for glycogen phosphorylase (13, 14). 

Determination of Velocity Constants—Two experiments were carried out 
in which the initial concentrations of sucrose were 1 per cent and 5 per cent 
respectively; in both, the volume of enzyme was one-half that of the 
enzyme-sucrose mixture. Graphic analysis of the data indicates that the 
dextran formation followed a first order course in the experiment with the 
1 per cent sucrose, and a zero order course in the experiment with the 5 per 
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cent sucrose. ‘The first order velocity constant, A,, and the zero order 
velocity constant, Ko, were calculated according to Equations 3 and 4 


K ] So 
(: 
S 
Ko = t 4) 


where So is the initial sucrose concentration and S is the amount of sucrose 
converted in time ¢ (7.e., 1.9 times the amount of reducing sugar liberated). 
Table IV presents the values of A, from the data of the experiment with | 


TaBLe 1V 
Calculation of Velocity Constants for Preparation of Dextran-Synthesizing Enzyme 
Initial sucrose concentration, So, 1 per cent Initial sucrose concentration, Se, 5 per cent 
Reducing | Reducing 
sugar formed | Ai sugar formed Ks 
hrs. mg. per mi. | me. per mi. permi me. per mi. mec. per hr.* 
0.5 0.45 | 0.86 5.02 
1.0 0.91 1.73 0.19 | 1.51 2.87 
1.5 1.28 2.43 | 0.19 2.29 1.35 
2.0 1.64 3.12 0.19 3.06 
2.5 1.94 3.69 O.1S 3.76 7.14 5.71 
3.0 | 2.24 4.26 0.19 4.52 s.49 
3.5 2.50 4.75 Q.1S 5.04 
4.0 | 26 0.19 5.69 r.41 
Average 0.19 5. 


* Mg. of sucrose converted to dextran per ml. of enzyme solution per hour. 
tf Computed from the data for the first 3 hours only. 


per cent sucrose and the values of Ay from the data of the experiment with 
d per cent sucrose. The A, values agreed reasonably well over the entire 
4 hour period of the experiment, which represented a time when over 50 
per cent of the substrate had been utilized; the A» values also agreed well 
over the first 3 hours which represented a time when 17 per cent of the 
substrate had been utilized, but as might be expected showed some decline 
at the later observations. On the basis of the latter velocity constant, the 
present dextran-forming enzyme can be regarded as 20 times more potent 
than the preparations used in our earlier studies (1, 2); that is, 1 ml. of the 
present enzyme converted 5.79 mg. of sucrose to dextran per hour, whereas 
only 0.3 mg. of sucrose was converted to dextran per hour by 1 ml. of a 
representative lot of enzyme prepared by the previously described (2) 


method. 


he 


vn 
mn 
hg 
ps 
ng 
oth 
ble 
eS 
for 
ed | 
pnt 
he 
he 
the 
per 


230 DEXTRAN SYNTHESIS FROM SUCROSE 


Influence of Added Dextran upon Activity of Enzyme—Data showing that 
the addition of the preformed polysaccharides has an activating influence 
upon glycogen- and starch-synthesizing phosphorvlases have contributed 
to the understanding of the mechanism of action of these enzymes (13, 
16, 32, 33). Analogous experiments were made to determine whether or 
not the addition of dextran to enzyme-sucrose mixtures would increase the 


TABLE V 
Influence of Added Dextran upon Initial Velocity of Dextran Formation 


Experiment 1. 1.0 ml. of enzyme, 0.5 ml. of 20 per cent sucrose in 0.2 Mm acetate 
(pH 5.6) plus 0.5 ml. of various dilutions of purified dextran; incubated 1 hour at 
23°; reaction stopped by addition of 8.0 ml. of 0.02 nN NaOH. 

Experiment 2. 1.0 ml. of 1:50 enzyme, 0.5 ml. of 20 per cent sucrose in 02 x 
acetate (pH 5.6) plus 0.5 ml. of various dilutions of purified dextran; incubated 3 
hours at 23°; reaction stopped by addition of 12.0 ml. of 0.01 Nn NaOH. 


Concentration of added dextran 
in enzyme-sucrose mixture 
Experiment 1 | Experiment 2 
me. per mi | 
0.0 3.76 | 3.76 
0.1 3.658 3.74 
0.2 3.64 3.69 
0.5 | 3.58 3.62 
1 | 3.50 3.75 
2 | 3.62 3.70 
5 | 3.64 | 3.64 
10 | 3.50 3.55 


* Me. of reducing sugar per ml. of enzyme per hour. 


activity of the Leuconostoc enzyme, although it was realized that the initial 
presence of small amounts of dextran? in the enzyme preparations would 


2 All of the enzyme solutions contain some smal] amount of material which gives 
precipitation and complement fixation with antiserums which react with purified 
dextran. If, as we believe, this material is dextran, the amount present in the 
enzyme solutions may be roughly estimated to be of the order of 0.01 mg. per m).; 
that is, in comparisons made in parallel tests against the same antiserum, the enzyme 
solutions reacted when diluted 1:40 or 1:80 but not at higher dilutions, whereas the 
purified dextran from the same strain of bacteria gave positive reactions when diluted 
as much as 1:4 or 1:8 million. The freeing of the enzyme from these small amounts 
of serologically reactive material is apparently difficult. We have failed to accom- 
plish it by various treatments with a number of the chemical reagents commonly 
employed for the purification of the enzymes and proteins, and have failed also in 
attempts to make the separation by absorption treatment of the enzyme with specific 
antiserums. These results indicate that small amounts of dextran are closely ass0- 
ciated with the enzyme, and suggest the possibility that dextran may actually be an 
integral part of the enzyme molecule. 
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complicate the interpretation of the results. The dextran (21) added to 
the enzyme-sucrose mixtures was from the same strain of bacteria as that 
from which the enzyme came. 

The data (Table V) show that the addition of purified dextran did not 
cause any increase in the initial velocity of dextran synthesis by the enzyme. 
there was instead a slight retardation when large amounts were added. 
However, since the small amount of the polysaccharide that regularly 
accompanies the enzyme? might by itself be sufficient to prime the reaction, 
failure of the introduction of additional amounts to have an activating 
influence does not answer the fundamental question of whether or not 
preformed dextran participates in some way in the enzymat.c synthesis, 


TABLE VI 


Substances without Appreciable Effect upon Synthesis of Dextran from Sucrose by 
Leuconostoc Enzyme 


Substance | Final molar concentration 


Sodium azide 0.025, 0.005, 0.001 
“fluoride... 0.05, 0.0L, 0.002 

Potassium cyanide. . | 0.05, 0.01, 0.002 

Monoiodoacetic acid —. | | 0.025, 0.005 

Copper sulfate. 0.001, 0.0001, 0.00001 

Manganous chloride. 0.001, 0.0001 

Zine sulfate... 0.001, 0.0001. 0.0000) 

Silver nitrate.......... 0.0001." 0.00001, 0 00000] 


* Shght retardation of dextran formation was observed. 


Since information on that question is essential for a better understanding 
of the mechanism of dextran synthesis, further experiments to explore 
this will be performed. 

Effect of Various Reagents on Activity of Enzyme--A number of sub- 
stances commonly emploved in the study of enzyme inhibition were found 
to have no effect upon the initial rate of dextran synthesis by the Leuconostoc 
enzyme in experiments with 5 per cent sucrose at pH 5.6. The substances, 
and the concentrations in which they were tested, are listed in Table VI. 

The failure of relatively high concentrations of azide, fluoride, cyanide, 
or 1odoacetate to retard the action of Leuconostoc enzyme suggests that the 
synthesis of dextran from sucrose is not coupled with or dependent upon 
oxidative processes. The lack of appreciable effect of aniline and of Ag* 
and Cu*+ ions upor dextran formation is in contrast to the pronounced 
inhibitory effect of aniline and of Ag* ions upon yeast invertase (34) and 
of Cu ions upon glycogen phosphorylase (13). 
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SUMMARY 


1. The activity of a bacterial enzyme which catalyzes the formation of 
a serologically reactive polysaccharide (dextran) from sucrose was studied. 
The enzyme was obtained from sucrose broth cultures of a strain of Leuco. 
nostoc mesenteroides by a method which vielded more potent preparations 
than were hitherto available. 

2. Analvses of enzyme-sucrose mixtures for each of the known reactants 
showed that the conversion of sucrose to dextran proceeded nearly: to 
completion according to the equation, m sucrose — dextran + n fructose. 

3. The concentration of sucrose influenced the initial activity of the 
dextran-svnthesizing enzyme in the same wavy as it does invertase. That 
is, the relationship between initial rates of dextran synthesis and sucrose 
concentrations below approximately 200 mm followed the expression of 
Michaelis and Menten, whereas velocities lower than the theoretical 
were obtained at higher sucrose concentrations. The Michaelis constant, 
k,, calculated from the data at the lower sucrose concentrations, was 
approximately 19 to 20 mM. 

4. The enzymatic synthesis of dextran simulated a first order reaction 
in systems containing | per cent sucrose but resembled a zero order reaction 
in systems containing 5 per cent sucrose. The corresponding unimolecular 
and zero order velocity constants can therefore be utilized to measure 
the activity of the enzyme. 

5. The addition of purified dextran to enzyme-sucrose mixtures did not 
increase the initial velocity of dextran formation. (This failure does not, 
however, exclude dextran as an activating substance, because small amounts 
of the preformed polysaccharide, which might be sufficient to prime the 
reaction, regularly accompany the active enzyme.) 

6. A number of well known enzyme inhibitors, including azide, cyanide, 
fluoride, and iodoacetate, were without effect upon the dextran-syn- 
thesizing enzyme. 
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INTESTINAL AND LIVER FACTORS IN THE METABOLIC 
UTILIZATION OF HOMOCYSTINE* 


Br MARY ADELIA BENNETT GERRIT TOENNIES 
(From the Lankenau Hospital Research Institute, Philadelphia) 


(Received for publication, October 26, 1945) 


Experimental rats of this laboratory have consistently been found 
capable of an immediate growth response upon addition of homocystine to 
a synthetic diet free of other sulfur-containing amino acids and choline 
2,1), and biosynthesis of methionine under these conditions has been 
demonstrated (3). The fact that rats can grow without a known source 
of dietary N- or S-bound methy] groups is not in itself a new observation. 
Du Vigneaud et al. (4) in their pioneer investigations on labile methy! 
groups called attention to isolated animals which grew as much as 0.4 gm. 
per day for 8 weeks on their methyl-free homoevstine diet, and considered 
the possibility that in these cases synthesis by intestinal organisms (termed 
refection at that time; cf. (5)) may have been involved. With the objective 
of elucidating the nature of the factors that may be responsible for the 
substantially greater independence of dietary methy! groups shown by our 
animals, we have previously studied the@ffect of certain changes in dietary 
vitamins and mode of food administration (2), with results which indicate 
that these factors are accessory determinants of growth response but do not 
explain the main divergence of our observations from those of du Vigneanud. 
Through the cooperation of Dr. du Vigneaud it became possible to experi- 
ment with a few rats of his strain, members of which had recently been 
found incapable of growth on a ‘‘choline-methionine-free diet containing 
homocystine.’’' The finding? that animals, bred under our animal colony 
conditions from parents of du Vigneaud’s strain, proved capable of utilizing 


* Aided by a grant from the MeNeil Laboratories. Ine., Philadelphia. A summary 
of parts of this work has been presented by Bennett (1). 

‘Personal communications of Dr. du Vigneaud aad Dr. Chandler 

?Five female and two male rats, 5 to 6 weeks old, of du Vigneaud’s «train trans 
ferred to our laboratory, were fed our colony diet but kept isolated from our eteoek 
rats in order @ avoid direct bacterial transmissions. At the age of 3 monmthe they 
weremated. Due to difficulty in breeding some of the offspring died, bat exght am 
mals were available for experimentation: four males and three females from ome bitter 
and one female, Rat 8, from another litter of different parents. When put om the 
choline, methionine-free diet plus eight B vitamins (at 5 weeks of age), addition of 
125 per cent homocystine on the Sth day resulted in growth; all but one of the animale 
showed a 6 to 10 day gain in weight when first fed the homocystine, and after thie 
period there was the usual loss of weight followed by resumption of growth im moet 
ammals. Two of the males and two females showed net gains of more than 25 em 
during a (0 day period: Rat 4 (male), 67 gm. and Rat § (female), 43 em. Within the 
four male litter mates there was a substantial variation of growth: +67 em im TY 
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homocystine, even though less effectively than the animals of our own stoek 
strongly suggests that preexperimental nutrition is a determining agent jp 
this phenomenon, especially since our colony diet surpasses the usual stock 
rations in nutritional value (2). This tavorable preexperimental food 
supply could act by promoting nutritional storage in the animal body of 
factors required for subsequent assimilation of homocystine sulfur and ahs 
by enhancing development of intestinal organisms which in turn become 
the actual contributors of the essential tactors. In order to examine 
the réle of the second of these possibilities, a study was made of the effect, 
on the utilization of homocystine, of the inclusion in the diet of succiny- 
sulfathiazole (known to be an inhibitor of intestinal synthesis of folie acid 
and other factors (6)) and its compensation by dietary accessories. The 
preliminary experiments of this study have been previously summarized 
(1); they indicated that certain growth interruptions consistently exhibited 
by some of our rats (2) are not related to a need for folic acid, as had been 
suspected, since this vitamin was not included in our regular vitamin 
supplement. They also showed that addition of succinylsulfathiazole to 
the homocystine diet stopped the growth of the animals in approximately 
4 weeks, resulting in a situation (presumably due to changes in the intestinal 
flora) in which supplementation of the dietary vitamins with rice polishings 
extract permitted utilization of meghionine, while homocystine could not be 
utilized. Utilization of homocystine became possible when a small amount 
of a certain liver fraction was fed. The liver fraction seemed to take the 
place of the intestinal factor eliminated or inhibited by the sulfonamide 
action. However, actual identity of the intestinal tactor with a liver 
factor has not been demonstrated. A more detailed investigation of the 
nature of the liver effect is the object of the present work. 

Diet and Analytical Data—The dietary components were of the same 
purity and from the same sources as before, and basal diet and vitamins 
were substantially identical? with those used previously (2). The dl 


days; +26 gm. in 70 days; +6 gm. in 60 days; —33 gm. in 14 days. The last two died 
showing ascitic fluid on autopsy; the others were killed. Autopsy findings and food 
consumption data were similar to those previously reported (2). During periods of 
acute weight loss daily food consumption dropped to zero, while in Rats 4 and 8 it 
rose to 7 and 6 gm. a 

’ The percentage composition of the diet is amino acid mixture 17, /-lysine mono- 
hydrochloride monohydrate being substituted for dl-lysine monohydrochloride used 
in previous experiments (the former contained (7) 0.08 per cent methionine), dextrin 
30, sucrose 17 (15 when 2 per cent sulfasuxidine was added), salt mixture 4 (Osborne 
and Mendel (8)), agar 2, and Mazola corn oil 30. Carotene (0.00028 per cent), toe- 
opherol (0.00016 per cent), methyInaphthoquinone (0.00011 per cent), and vitamin D 
(6.2 U.S. P. units per gm.) are present in the diet, and the (separately administered) 
standard daily dose of B vitamins is 500 y each of nicotinic acid, p-aminobenzoic acid, 
and inositol, 200 y of calcium pantothenate, 40 y each of thiamine hydrochloride, 
riboflavin, and pyridoxine hydrochloride, and 0.25 y of biotin. 
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methionine used was du Pont’s product ("00.08 per cent purity (perehlery 
titration )”’). 

Sulfasuxidine (succinylsulfathiazole, Sharp and Dohme) wae given o- 
90 per cent of the diet, replacing an equal amount of sucrose. Hemme 
evstine was also fed as a part of the diet, being added to the dry mixture 
in amounts corresponding to an extra 1.25 per cent or O83 per cent of the 
basal diet. Rice polishings extract was used as ryzamin-B or as ry camum-B 
unfortified. The latter, except for its being approximately 20 per cent 
less concentrated, is the same product‘ as the former. The fellowmme liver 
products were used: liver extract Lilly, formerly called liver extract Ne. 343 
and representing the anti-pernicious anemia Cohn fraction G 
that part of aqueous liver extract that is soluble in 70 per cent ethane! hut 
insoluble in 93 per cent ethanol; liver extract No. 55 (Lilly) representing the 
(protein) fraction insoluble in 70 per cent ethanol; desiccated liver extract 
No. 1 (Lilly), representing the fraction soluble in 93 per cent ethanol: «olu- 
tion liver extract parenteral Lederle, a product likewise representing the 
Cohn fraction G; and concentrated solution liver extract Lederle, a prod. 
uct derived from the preceding, but 4 to 5 times as high in antianemia po 
tency. Available analytical data for these products are listed in Table | 

Animals— The general preexperimental diet containing a generous va 
nety of natural foods has been previously desermbed (2). Durimge the 
experimental period each animal was housed in a separate cage. and, except 
for daily weighings, experimental conditions were the same as those out 
lined earlier’ (15). 

Twenty-four females from six litters were used. Twenty of the rate 
came from litters born within 3 days; the remaining four were appre. 
mately 18 to 22 days older. They were all placed om the sulfasuwxeline 
contaming diet when the voungest were 34 dave old 

First Experimental Series—The liver fraction previously used (1) was 
the same as that emploved by White and Beach (16) in their experiment 
demonstrating utilization of homocystine for growth. The first objective 
was to determine the effectiveness of this liver prexiuet i quantitative 
terms, as a preliminary to its comparison with other related products. 

In order to develop a deficiency of the unknown intestinal factor, the 
animals were directly transferred from the preexperimental diet to the 
sulfasuxidine-containing synthetic diet. Water-soluble vitamins were, as 
usual, given separately ; thev consisted of the usual eight B vitamin com- 
bination and, in addition, 62.5 mg.. per animal per day, of rvzamin-B 
unfortified (product ¢, Table I). The latter was given with the intention 


‘Personal communication of Dr. G. H. Hitchings of the Welleome Research Lab 
oratories, 


‘The rats drank only distilled water. 
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&& There was no evidence (10) of the presence of betaine. 
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of maintaining the greatest possible degree of adequacy. apart from the 
specific requirements of homocystine utilization. After § daye om the 
basal synthetic diet, the average weight of the twenty-four animale (cancun 
between 75 and 169 gin. ) had fallen from 116 te S35 em.. andi | 25 per cent 
homocystine was added to the diet. After 13 dawe of the reqmmen the 
average weight was 92 gm., reflecting the growth-promoting effect of 
homocystine. Presumably growth during thie permed would hawe heen 
larger, had not the consumption of food heen restricted to 3 and (for the 
larger animals ) 4 gm. per day. The restriction was Lreagremere | mm the howe 
of minimizing the usual growth crises and the rek of lewme ae 
consequence of overconsumption of homocvest me “miler pote 
prompted a lowering of the homocystine content of the «wt. after the 
first 13 days, to 0.83 per cent, with continued reetmetion of mtake \iter 
7 davs under these conditions (/.¢. a total of 4 weeks of sulfonamide diet) 
the average weight was 95 gm. In order to see whether bw thie tome the 
sulfasuxidine had taken effect the rats were allowed to eat ae lehefem for | 
day. They responded to the ad libitum feeding by an a erage overnight 
cohsumption of 4.3 gm. and gains averaging 2.1 em. Food comeumepthon 
again restricted and, because of the possinlity that comtimued mmgeet por 
of ryzamin might somehow hinder the action of dime om the 

testinal flora, the rice extract was withdrawn from the daily witamwm espmle 

ment. During the next 13 davs the average weight changed from OF to 8S 
gm. However, during (in a few cases shortly before and after) thie pered 
about one-half of the animals experienced the characterttic growth m 

terruption crisis; in eleven animals the average comeeeutive low wae Fem 

and the average duration 5 days. While these drome were 
symptoms and extent (except for their greater rapedity) to theme prew 
recorded under different conditions ((2) p. 60), recovery wae tunted. pre 

sumably reflecting the existence, by this time. of permanent defence. 
in intestinal biosynthesis; the amount of weight regained averaged omty 5 
gm. during the 10 days following the lowest pout. The 

ment was now reestablished, the biotin content of the daily 
increased by 2 7, and the animals were allowed to eat af fete The 
growth patterns ensuing during the next week (the Teh of eolfemende 
ingestion ) suggested that the effect of the drug wae mow fally eetalleehed." 
Average growth and food data of this period are ineluceed mm Pig. | The 
rats Were now arranged into experimental groups. For the quentitetive 
assay of the liver extract the twenty most suitable animal were divided 
into five groups of four rats each, equalizing them a» well as poseibble with 
regard to average weight during the immediately preceding 10 dave. a 


‘What effect, if any, the temporary withdrawal of the rice poliebinge ectrect 
has had in the attainment of this state cannot be deduced from the etperime nt 
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Fic. 1. Average growth and food consumption in the first experimental series. 
The diet, arrangement of groups, dietary changes, and supplements are given in 
detail in the text. Average animal weights of the groups are plotted every 2nd day, 
and daily food consumption is shown as the average of consecutive 2 day periods. 
The numerals show the average weights 10 days preceding the experimental period 
and at the subsequent points of dietary change. Methionine indicates the substitu- 
tion of methionine for homocystine in the dietary mixture. ‘‘LEL’’ stands for liver 
extract Lilly. 
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well as With regard to their previous history, each group reeeiving two 
animals that had experienced a period of acute weight low. Four of these 
(Groups B, C, D, 2) were continued on their current diet, supplemented, 
however, by daily doses (given by pipette as an aqueous suspension) of 
90, 60, 40, and 20 mg. respectively of liver extraet Lilly. The filth 
(Group A) received no extra supplement, but the dietary homocystine wa» 
replaced by an equimolar amount of dl-methionine. The four rate re 
maining after selection of these groups were those rejected beeause thes 
still appeared to be in various stages of acute growth regressem. The 
group (F) was utilized for the purpose of testing the effeet of cholime whieh 
had not previously been determined on a sulfonamide-comtaming det 
The base was given with butter, as previously deserthed (2), im dash 
amounts of 18 mg. It should be noted that from a quantitative viewpoiwmt 
the response of this group is probably not comparable with that of the 
others. The dietary changes just outlined were maintained for 14 day« 
and followed by a return, for 14 days, to the preceding diet. Pig. | show. 
the effects of these variations. ‘The average growth rates durmg the expple 
ment periods (the first 2 days of each being disregarded) are 0.23. 0.56. 
1.07, 1.10, and 1.24 gm. per day (the lowest and highest rate within each 
group being 0.00, 0.31; 0.35, 0.84; 0.96, LAO; 144: O75, 200) 
spectively, on homocystine with 20, 40, 60, and SO mg. of lower extract and 
on methionine instead of homocystine. Average daily food comme ption 
in these groups was 2.48, 2.90, 3.62, 3.36, and 3.46 gm. ; 

Discussion—It would appear, in terms of resultant growth, thet da: 
ingestion of 0.22 milliatom of homocystine sulfur (30 mg. of hommoeyetmme 
incombination with 60 mg. of liver extract (containing 0.38 milliatem of \. 
including 0.0051 mm or 0.62 mg. of choline, 0.013 milliatom of 
including 0.0043 mM or 0.64 mg. of methionine) is only slightly mfermer t 
an equal amount of methionine sulfur (32 mg. of methionime) The dete 
of Medes, Floyd, and Cammaroti (3) indicate that in an animal growime | | 
gm. per day about 7 mg. or 0.045 mM of methionine is deposited daily m™ 
new tissue, and the actual minimum metabolic requirement of labile meth» | 
is likely to be about 3 times as high ((2), foot-note p. SO)" 


’Under the prevailing experimental conditions the daily amewnt of dietar 
methionine required for mere maintenance of weight ie higher than 7 me. ee i» 
dicated by the following. After completion of the scheduled experiments severe! 
of the rats were placed on a diet which, instead of 0.53 per cent homecyetine, con 
tained 0.23 per cent (one-quarter of the molar equivalent) of methionmme, with af! 
other conditions unchanged. Five animals, weighing % to 110 gm. leat between 
l4and 5.6 gm. during 8 days on this diet; food consumption was limited te 3 gm per 
day but on several days remained actually below this lewel. Twe of the rate per 
mitted to eat ad libitum for an additional 8 days lost 0.6 and 3.5 gm. reapeetively, 
on average daily food consumption of 3.0 and 2.4 gm. 
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. Fic. 2. Average growth and food consumption in the second experimental series. 
The method of plotting is the same as in Fig. 1; the small letters refer to Table I 
(see the text). The following supplements (cf. ‘‘Diet and analytical data”) and 
daily amounts were given (orally unless otherwise stated): Group I, 40 mg. of liver 
extract Lilly (product u); in this group one rat had to be eliminated during the 
test period because of obvious symptoms of illness (listlessness and abdominal dis- 
tension). This group received the same treatment as that represented by ‘40 mg. 
LEL” (Curve D), Fig.1. Group H received 0.235 cc. of solution liver extract par- 
enteral Lederle (y); ¢.e., 51 mg. of dry substance equivalent in N content to 40 mg. 
of liver extract Lilly (uw); after 10 days the dose was doubled (* 2’'). Group L was 
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The immediate and sharp weight losses resulting from replacement of 
methionine by homocystine, as compared with the delayed amd show ce 
eines following withdrawal of liver extract, are noteworthy, bat pending 
further knowledge of the liver factor involved, need not be dieewwed The 
fact that with the restriction in vitamin resources caused by the dretary 
sulfonamide, and only partially compensated by the mee extrmet, chedeme 
is as effective in eliciting utilization of homocystine as the lower extemet 
indicates that the active factor im the latter is not ome mvelwed wm the 
mobilization of the methyl groups of dietary choline 

Second Experimental Serics— ‘The purpose ot this series was to compare « 
number of different liver products with regard to the presemee of the um 
known factor and to ascertain its relation to the antiamemia prmenple 
(smce the liver fraction used in the preceding experiments is the ome teed 
for the treatment of pernicious anemia). Rather tham repeat the home 
and costly process of conditioning fresh rats, the test subjeete for Che 
phase of the work were recruited from the animals used in the preceding 
assay. They were now 16 to 19 weeks old, had been on sulfomanmide-com 
taming diets continuously for 11 weeks, and their average weight wae S&S 
gm.; 7.¢e., 3 gm. higher than at the beginning of homocystine supplements 
tion 10 weeks earlier. For the last 2 weeks all had been fed alike (hee! 
diet with homocystine, eight B vitamins, including extra bietm and rym 
min). Four new groups of three animals each were seleeted from the Cheee 
previous groups that had been on supplements of 80, 60, and 40 me of 
liver extract, in such a manner that each new group comtaimed ome rat from 
each of the three previous groups. For the fifth group of three, ome animal 
from each of the previous choline, methionine, and 20 me. liver extract 
groups was chosen. ‘The resulting new group was used for the teetime of 
the liver protein fraction (product v, Table 1). The results obtained im the 
comparison of five liver products are summarized in Fig. 2, and detail: 
concerning modes of administration and doses are indicated im the lewend 
Comparison was based on a suboptimum dose (40 mg.) of the reference 
standard (liver extract Lillv) to permit disclosure of higher concentration» 
of the active principle in any of the other products. 

Discussion—The results indicate that the Cohn fraction G dispensed as « 
solution (product y, Table I) has a similar, though somewhat weaker, 


given 40 mg. of liver extract No. 55 (v); after 10 days the dose was increased by 80 per 
cent (“X4’’). Group G received 40 mg. of desiccated liver fraction No. | (w): after 10 
days the dose was increased by 170 per cent (‘*X2.7""). Group K was fed 0.061 ce 
of concentrated solution liver extract Lederle (z), t.e. 3.8 mg. of dry substance, 
equivalent in injectable antianemia units to the initial supplement of Group H, 
after 10 days the dose was increased by 300 per cent (4). For the laet 4 dawe the 
initial dose (0.05 ec.)ewas given by intramuscular injection (*INJ"’). 
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activity than the solid Cohn fraction G (u), when compared on the basis of 
N content. The fractions less (v) and more (w) soluble in alcohol than the 
Cohn fraction G seem to contain the active agent in small concentrations 
Thus its distribution within the alcohol-precipitated fractions runs parallel 
to that of the antianemia agent. However, the possibility of the tyo 
agents being identical appears to be ruled out by the completely negative 
results of the antianemia concentrate (z). In terms of physiologically 
available antianemia units, the dose injected during the last 4 days of the 
latter experiment should be at least 10 times as potent (cf. foot-note 
Table I) as the oral dose received during the same period by Group H. 
That intramuscular injection represents an effective route of administra. 
of the homocystine activator was established by a supplementary experi. 
ment. <A rat, after having been transferred trom a methionine-containing 
diet to homocystine, lost 4.3 gm. in 4 days; upon daily injection of 0.35 ¢c. 
of the parenteral liver extract (y) it gained 9.0 gm. during the next 2 weeks, 
Upon discontinuance of the injections the net change for 2 weeks was zero, 
followed by a loss of 10 gm. during another 2 weeks. 

Further characterization of the liver tactor effective in homocystine 
utilization is needed, and, except for the immediate response to intra- 
muscular injection, there is nothing in the present evidence which is at 
variance with the hypothesis that the growth requirements of the rat may 
be satisfied by methyl compounds elaborated by intestinal symbionts and 
that the availability of such extraneous methyl groups is_ conditioned, 
among other factors, by the preexperimental diet (cf. (17)) and by certain 
vitamin-like dietary factors which are not needed when the methyl re- 
quirements are satisfied by methionine or choline. 


The authors are indebted to Dr. V. du Vigneaud and Dr. J. P. Chandler 
for making available animals of their colony and information pertaining 
to them; to Dr. 8. P. Reimann for pathological examinations; to Dr. R. J. 
Williams for a generous gift of folic acid concentrate; to Dr. A. L. Caldwell 
of the Lilly Research Laboratories, Dr. G. H. Hitchings of the Wellcome Re- 
search Laboratories, Dr. M. C. Lockhart of the Lederle Laboratories, Inc., 
and Dr. A. D. Welch of Sharp and Dohme, Inc., for supplying valuable 
products and information. They also wish to thank Dr. D. K. O’Leary of 
the E. I. du Pont de Nemours and Company, Inc., for a generous gift of their 
synthetic dl-methionine, and Helen E. Robinson, Dorothy E. Leaf, Joseph 
J. Kolb, and Herbert M. Winegard for technical cooperation. 


SUMMARY 


It is shown that the capacity of rats to grow on a homocystine-contamng 
diet devoid of other sulfur-contaming amino acids and known methy! 
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donors is not a phenomenon limited to a single strain of animals. Exper 
ments with another strain of rats indicate that the capacity depends of 
internal factors arising from preexperimental nutritional conditions. Mod 
fication of intestinal flora by sulfonamide action produces a situation 
which supplementation of the dietary vitamins with rice polishings extrac’ 
permits utilization of methionine, while homocystine cannot be utilieed 
Utilization of homocystine becomes possible when either cholime is fed or 
small amounts of certain liver fractions. Analvtical data show that 
methionine, choline, or betaine is not their effective component, and com 
parison of different products indicates that it is not identical with the 
antianemia principle of liver, although its distribution parallels that of the 
latter to some degree. 
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THE INFLUENCE OF PREEXPERIMENTAL FOOD ON THE 
UTILIZATION OF HOMOCYSTINE IN A “METHYL- 
FREE” DIET* 


By MARY ADELIA BENNETT 


‘From the Lankenau Hospital Research Institute, Philadelphia 
(Reeeived for publication, October 26, 1945 


It has been suggested in the previous paper (1) that preexperimental 
diet may play an important roéle in the ability of the rat to utilize homeo. 
cystine on a ““methyl-free’? diet. Rats from another laboratory, which 
would not grow on the above diet, acquired definite ability to utilize it 
when fed our preexperimental colony diet for two generations. This 
colony food, which is of high standard, could influence favorably the liver 
storage of the rats and also their intestinal flora. The importance of the 
latter becomes evident if bacterial svnthesis of unknown factors influencing 
homocystine utilization is involved. 

Results of the experiments conducted in this laboratory with a methyl 
free homocystine diet containing 2 per cent sulfasuxidine (2, 1), suggest 
that bacterial svnthesis does plav a réle in methvlation under conditions 
of dietary labile methyl deficiency. A recent report by du Vigneaud ef al 
3) gives evidence, by means of 1).0, of the synthesis of small, but not 
insignificant amounts of labile methyl groups by the white rat on a diet 
adequate in these groups (20 per cent casein). Intestinal bacterial svn- 
thesis is suggested as the most logical interpretation of their results. 

Six rats, from our previous set of experiments (1), that had lost their 
ability to utilize homocystine, due to having lived 5 months on a 2 per cent 
sulfasuxidine methvl-free diet, were available for further study. These 
rats had experienced short periods of growth, due to the fact that they had 
received labile methyl groups and liver extract in their diets at intervals 
during the course of the experiment; but whenever these were withdrawn 
and homocystine alone was present, they ceased to grow. It seemed 
worth while to find out whether these animals could regain their ability to 
grow on a methyl-free homocystine diet if put back on the colony food for 
several weeks. 


* Aided by a grant from the MeNeil Laboratories, Inc., Philadelphia. 
‘The term ‘‘methyl-free’’ is used to designate the absence of known dietary 
methy] donors. 
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tive 2 day periods. 


The colony diet contains liver, eggs, fish, cheese, peanuts, yeast, carrots, 
lettuce, tomatoes, oranges, cabbage, oats, checkers 


HOMOCYSTINE UTILIZATION 


~ 


1. Growth and food consumption curves. The 
every other day and daily basal food consumption is shown as the average of consecu- 
‘“He’’ designates homocystine; the arrows over the food curves 
for the 1.25 per cent homocystine period indicate that the diet was restricted (see 
the text). 


Diets 
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weight figures are plotted 


(Purina), milk with 


navitol and zygon (Squibb), bone meal, and salt rings (4). 


The experimental diet was that described in the previous paper (1). 
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EXPERIMENTAL 


Rats 26 and 29; 33; 43 and 44 were born within 3 davs of each other and 
represent three litters; they were started on the basal diet at approximate! 
5 weeks, Rat 16 from a fourth litter at 7 weeks of age (ef. Fig. 1). The 
initial weights are given 2 weeks before starting the basal diet, at whieh 
time the rats were eating colony food. At the end of these 2 weeks they 
vere depleted for 8 days on the methyl-free basal diet containing 2 per cent 
sulfasuxidine; 1.25 per cent homocystine was then added and after the first 
day the diet was restricted to 3 gm. (4 gm. for Rat 16) in order to prevent 
toxicity due to overeating (cf. (1)). The curves for this 10 day period 
demonstrate the usual response of our rats to homocystine: five grew, Rat 
|6, for some unknown reason, being an exception; at this stage the sulfa- 
suxidine had not had time to become effective. The next 120 days are 
omitted, as they pertain to the previous paper. At the end of the 120 day 
period when the rats had been on sulfonamide for 138 days, a final 10 day 
period is recorded showing the response of these rats to an ad libitum OSS 
per cent homocystine diet containing 2 per cent sulfasuxidine. It is evident 
that they had lost their ability to utilize homocystine, and their food con- 
sumption had definitely dropped. The animals kept in the same cages were 
then put back on the original colony food (no sulfasuxidine) for 3 weeks  de- 
pleted as before for 8 days, then fed ad libitum the same 0.83 per cent 
homocystine diet containing 2 per cent sulfasuxidine. Five rats responded 
tothis diet and grew at practically the same rate as they had on the previous 
(restricted) 1.25 per cent homocystine regimen; their food consumption 
greatly increased. The fact that Rat 16 failed again to respond to a 
homocystine diet indicates that a factor of individual constitution also 
plays a rdle. After this 10 day period the rats were killed, an autopsy 
performed, and histopathological examinations were made of the livers 
and kidneys; the results are reported below (ef. (4)). 


Histopathology 


The livers of all six rats showed severe parenchymatous and fatty de. 
generation; the severity of these symptoms was most pronounced in Rat» 
Hand 16. Rat 33 showed, in addition, slight early cirrhosis. 

The kidneys of all six rats showed general degeneration with the ma jor 
change in the tubules; there was also some hemorrhage. Rats 44 and 
l6 manifest the most severe pathological changes. 


*It is of interest to note that apparently the rats retained their ability to by 
drolyze protein during 5 months on an amino acid mixture, as evideneed bw their 
growth response when returned to the colony diet 
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SUMMARY 


Rats which could utilize homocystine tor growth on a “‘methyl-fpee” 
diet lost this ability after having lived 5 months on the same diet plus 9 
per cent sulfasuxidine. However, this capacity was regained after the 
animals had been put back on the preexperimental colony food for an jp. 
terval of 3 weeks. These results seem to xdd evidence in support of the 
theory of bacterial synthesis of unknown factors influencing homoeystine 
utilization; at least, they demonstrate that the mechanism involved can be 
reestablished by a return to our colony diet. 


The author wishes to thank Dr. A. J. Donnelly and Helen E. Robinson 
for the histopathological report. 
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THE ANTIINOSITOL EFFECT OF 
“tree” HEXANE® 


lus 2 

T the By 8S. KIRKWOOD PAUL H. PHILLIP. 

in. (From the Department of Biochemistry, College of Agriculture, 
the Wisconsin, Madiso 

(Received for publication, January 24. 

an be 


It has been reported by Slade (1) that the inseetieidal action of the mie 
ture of the four hexachloroevclohexanes 
son is almost entirelv due to the isomer. Further, Moemew hee 
out the resemblance between the amd the 
hexitols. Slade states that the English workers hawe 
dence that the 7 isomer has the <ame «patial a« 
Their evidence was based upon infra-red amd the 
probability of the formation of each omer ax eccmparedd with the actual 


oeurrence of the isomers in the erude 


hexanes. They postulated further that the imeeetietda! of 
active isomer might be due to its interference with the meetted meetaledies 
of the insect. 

Dacey, Colucci, and Nirkwood' attempted to determume the «natial 
| figurations of the hexachloroevelohexanes. All to eamwert 
| isomers to cvclohexitols, whose contiguration= could be | 
| method of Dangschat and Fischer (2), were 
evidence is now available which indicates that the imeeetieidal » Menmer hun 
the same configuration as j-inositol, The purpese of thie repert ke © 
present data which show that umbobet« the 
of a yeast which requires an exogenous source of imewitel amd that the 
efiect of the isomer is reversible upom the addition of 


EXPLAIMENT AL 


The approach to this problem seemed possible through the axe of on 
nositol-requiring organism, an inositol-free amd the 
tion of graded concentrates of the evelohexanes and of +-inesitel 

The Gebriider Mayer strain of Saccharomyces corer wae chosen 
the test organism. The medium emploved wae that of Willian 
3) modified by the omission of the calf liwer «ammhleememt amd the imefeecton 

* Published with the approval of the Direecter of the 
periment Station 
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Dacey, J. R., Colucci, J., and Kirkwood, unpublished date. ( National 
Research Coune:!, 1944 
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of the non-dialyzable portion of 5 gm. of rice bran extract (vitab) per liter 
Inocula were grown for 24 hours on the basal medium supplemented with 
2 y of 2-inositol per ml. The cells were collected by centrifugation, washe 
three times with the basal medium, and suspended in sufficient basal 
medium to give a reading of 85 on the Evelyn colorimeter, with a No, 
660 filter, on which the reading for the basal medium is 100. The inoculur, 
consisted of 1 drop of this cell suspension. The incubation period in gj 
cases was 18 hours at 30°. 


70- 


80- 


GALVANOMETER READING 


90- 


100 T T T T T T 
ADDED INOSITOL MIGROGRAMS/ML. 
Fic. 1. The effect of added 7-inositol on the growth of the Gebriider Mayer strain 
of yeast in media containing hexachlorocyclohexanes. Curve 1, control; Curve 2, 
20 y of 8B isomer per ml.; Curve 3, 40 y of a isomer per ml.; Curve 4, 50 y of 8 isomer 
per ml.; Curve 5, 60 y of y isomer per ml. 


Assay Procedure—To a 40 ml. portion of the basal medium containing the 
desired level of inositol was added 1 ml. of an ethy] alcohol solution of the 
appropriate isomer. The alcohol solution of the isomer was of such 3 
concentration that it gave the desired test concentration in the 40 ml. 
of medium (20 to 60 y per ml.). Three 11 ml. aliquots of this medium 
were placed in 50 ml. Erlenmeyer flasks which were sterilized in an auto- 
clave (15 pounds for 15 minutes), inoculated, and incubated as described. 
The contents of each flask were then examined quantitatively for turbidity 
in an Evelyn colorimeter with a No. 660 filter. 

Preparation of Isomers—A mixture of the hexachlorocyclohexanes was 
prepared by passing dry chlorine gas through benzene refluxing in a Pyrex 
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fask irradiated by a mercury vapor lamp. The crude mixture of semen: 
readily erystallized when the excess benzene was remeowed under 
pressure. The four isomers were separated bw the procedure of wan der 
Linden (4). ‘The melting points of the preparations agree well with those 
reported by the English workers; t.¢., a 158°, 3 300", y LIZ”, and 4 190° 


Results 


The results are shown in Fig. 1. Growth, as indicated by turbidity, wae 
plotted against micrograms of purified +-inositol added to the media.’ 
The Gebriider Mayer strain of veast requires | y of ¢-inositel per ml. for 
maximal growth. The a, 8, and 6 isomers at the limit of their solubility 
in the medium, that is 40, 20, and 50 y per mil. reepeetiwely, inhibited the 
growth of the Gebriider Mayer yeast. The inhibition produced by « 
and 8 isomers was comparatively slight, while that produced by 4 wae 
more pronounced. Slade (1) has reported t com toe be rela 
tively inactive as insecticidal agents. However, in all three cases the 
nhibition was not affected by the addition of ineswitel. The » moenes 
markedly inhibited growth of the veast at the limit of ite «olelalitw 
yper ml.). This inhibition was progreseively but not completely rewered 
by the addition ot from ltot ol peer ml of reve \ «f ram 
of yeast which did not require an exogenous source of imosited wae omy 
slightly inhibited bv the isomer. 


DISC 


The fact that the inhibition of Gebrider Mawer weast growth be » 
hexachlorocyclohexane was reversed by ;-inosatol offers exeellemt 
evidence that the y isomer has the same spatial configuration a« »-imesite! 
Evidence is accumulating in the literature which pointe to the close «true 
tural similarity between mutually antagonistic substances. Thie 
has been ably reviewed by Welch (5 [t ix assumed’ im this case that 4 
hexachlorocyclohexane inhibits inositol metabolism by means of the enetiel 
configuration of its chlorine atoms, which enables it to bleek effeetivets 
the normal] function of 7-inositol. Further, the low inhibitier 
ratio® ¢;/c,, = 30 (Mellwain (6)) in this case would indicate a very clowe 
structural similarity to i-inositol. The ratio would imdieate that the 
chlorine atoms in the isomer are arranged spatially abowe and below the 
mng in the same manner as are the hydroxy! groups in ¢-inositel (Dene 


. . . 

The i-inositol used in this experiment was graciously supplied by \ 
Lardy. It was prepared from recrystallized hexapropionylinesitel by catalytic 
saponification. 

Ci 18 the molar concentration of inhibitor necessary to prevent the growth of as 

organism in the presence of a molar concentration of metabolite, «. 
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chat and Fischer (2)). These data lend support to the hypothesis of the 
English workers (1) that the y isomer exerts its insecticidal action by 
interfering with the inositol metabolism of the insect. 


SUMMARY 


y-Hexachlorocyclohexane inhibited the growth of the Gebriider Mayer 
strain of Saccharomyces cerevisiae. This inhibition was found to be rp. 
versible by the addition of 7-inositol. 

The other three known hexachlorocyclohexanes inhibited the growth of 
Gebriider Mayer yeast to a slight degree but this inhibition was not m 
versible by i-inositol. These data correlate closely with their demon. 
strated ineffectiveness as insecticidal agents. 

These data suggest that the spatial configuration of the y isomer is 
similar to that of 7-inositol and further support the hypothesis that the 
> isomer exerts its insecticidal action by interfering with the inositol 
metabolism of the insect. 
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THE ACTIVITY OF “LACTOBACILLUS CASEI PACTOR,” 
“FOLIC ACID,” AND “VITAMIN B.”” FOR STREPTOCOCCUS 
FAECALIS AND LACTOBACILLUS CASE! 
By B. CONNOR JOHNSON® 


(From the Division of Animal Nutrition, University of [llinois, Urbane 


(Received for publication, January 24, 1946) 


It has been established that the terms vitamin M, vitamm I, sort 
eluate factor, Lactobacillus casei factor, tactor U, folie acid, and factor 
SLR all refer to a group of compounds (or a compound) with similar ehar- 
acteristics and similar biological activities. Of these factors sewen have 
been reported in purified form: folic acid ‘isolated from spimach) (1), 
three L. casei factors (one from liver, one trom veast, and one from a fermen- 
tation residue) (2, 3), synthetic liver L. case: factor (4), vitamm H. (from 
liver or veast) (5), and factor SLR (6). 

Pure folic acid was originally (1) assigned a poteney of 40,000 16. the 
pure compound was said to be 40,000 times as active as Wilson's liver 
fraction B). In the work reported from thm laboratory (7) on the exeretion 
of folie acid in sweat and urine, a folic acid concentrate furnished bw Dir 
R. J. Williams was used as standard, and the results were reported im terms 
of 40,000 potency. However, other active compounds have become avail- 
able in pure form and Mitchell, Snell, and Williams (8) have reperted o« 
folic acid concentrate with a potency of 137,000. Therefore, im order to 
obtain a means of comparing data reported on the basie of 40,000 potenes 
lolic acid with data based on pure compounds as standards, the relative 
activities of vitamin B., folic acid concentrate. «wnthetice Lactohactlus cae: 
lactor, and fermentation L. casei factor for Streptecoceus feccalie and 1. 
casei Were determined. The activities of several of these matermle m term 
of requirements for half maximum growth have been reviewed bw Leckey, 
Teply, and Elvehjem (9) and by Peterson and Peterson (10) 


EXPERIMENTAL 


Streptococcus faecalis Assay—Streptococceus faccalis folic amays were 
carried out by the procedure of Luckey. Briggs. and Elwehjem (11) mocified 
by the inclusion of 5 cc. of Salts B (12) and the replacement of pyridoxine 
by 100 y of pyridoxamine per 500 ce. of double strength medium. ‘Twrbid 
ties were read at 650 mu with the Coleman universal photoeleetre color. 
meter after 16 hours incubation at 30°, 


* We wish to acknowledge the technical assistance of Shirley Spaeth 
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The activities of the following materials were compared: (4) a 7.7 per 
cent folic acid concentrate of potency 3100 (1) kindly supplied by D; 
R. J. Williams of the University of Texas, (6) a solution of crystalline 
vitamin B, (5) kindly furnished by Dr. O. D. Bird of Parke. Davis and 
Company, (c) a solution of crystalline Lactobacillus casei factor (3) and 
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PER CENT TRANSMISSION AT 650m 


3 
®-TEXAS “FOLIC ACID” CONCENTRATE (CALCULATED AT 137,000 POTENCY) 
©-LEDERLE SYNTHETIC CASE! FACTOR” 
X-VITAMIN Be ( PARKE-DAVIS) 
+-~TEXAS “FOLIC CONCENTRATE (CALCULATED AT 40,000 POTENCY) 
*-LEDERLE CRYSTALLINE "FERM, L. CASE! FACTOR” 


MILLIGAMMA (mr) “FOLIC ACID” 


Fic.1. Comparison of activity of different ‘folic acid’’ standards for Streptocec 
cus faecalis. | 


(d) synthetic Lactobacillus casei factor (4) both kindly supplied by Dr. 
Kk. L. R. Stokstad of the Lederle Laboratories, Inc. 

The dose-response curves for these compounds on the growth of Strep- 
tococcus faecalis are given in Fig. 1. The folie acid is plotted both on 
the basis of 40,000 potency as usual and also on the basis of 137,000 potency. 

Lactobacillus casei Assay—Two methods of assay were used: the Landy 
and Dicken method (13) modified bv the addition of 10 y of p-aminobenz0i 
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7 per acid and the replacement of the pyridoxine by 100 4 of pyridexal per 0) 
y Dr. ec, of double strength medium, and the method of Teply and Elwehjem 
alle (14). With both methods the tubes were titrated after 72 hours meuhat tom 
sand | at 37°. 
) and The same materials were compared as to relative activity for Lacteheen/lus 
casei as had been tested with Streptococcus faecalis and the dose-response 
curves are plotted in Fig. 2. For these assays the medium of Teplw and 
Elvehjem was used. While the relative activities of the four «tandard« 
were the same by the modified Landy and Dicken medium, the total 


<> 


CC. O-1N ACID PRODUCED PER TUBE 


> 


X ~LEDERLE SYNTHETIC CASE! FACTOR 


QO - VITAMIN Be (PARKE - DAViS? | 
+ TEXAS “FOLIC ACID™ CONCENTRATE (CALCULATED af POTENCY: 
0 ‘ 
2 me 3 
Fic. 2. Comparison of activity of different ‘“‘folie acd etancdarde for 1 
lus casei. 
tacoc: amount of acid produced was much less. In Fig. 2 the Texas folic acid : 


concentrate is plotted on the basis of 137,000 potemew only. 


Dr. DISCUSSION 

From Fig. 1 it is evident that Lederle synthetic Lactobacillus casei 

trep- factor, Parke-Davis vitamin B., and Texas folie acid, caleulated on the 

h on basis of 137,000 potency for the pure material, have equal activities for 
| Streptococcus faecalis. Lederle fermentation Lactobacillus casei factor has 

andy only one-twentieth of the potency of these other materials. These date 

indicate that the first three materials are the same 
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Some differences in activity are indicated in Fig. 2. However, in view 
of the lack of difference in response with Streptococcus faecalis, these differ. 
ences may not be significant. These curves were obtained with the Teply 
and Elvehjem (14) medium with I mg. of norit-treated peptone per tube. 
The differences in the graphs may represent the effect of traces of other 
materials present rather than different compounds possessing different 
activities. 

The half maximum doses for the compounds calculated from Fig. 2 are 
vitamin B, 0.50 millimicrogram per tube, Lederle svnthetic Lactobacillus 
casei factor 0.70 millimicrogram per tube, and Texas folie acid (137,000 
potency) 0.80 millimicrogram per tube and L. casez factor 3.7 milli- 
micrograms per tube. These figures agree favorably with those sum- 
marized by Luckey, Teplv, and Elvehjem and bv Peterson and Peterson 
(10). It was found that by changing the amount of norit-treated peptone 
in the Teply and Elvehjem medium (14) these half maximum doses could 
be changed. Eliminating the peptone increased the half maximum dose 
for Texas folic acid from 0.80 millimicrogram to 1.0 millimicrogram 
per tube, and increasing the peptone from 1 mg. to 2 mg. per tube decreased 
the half maximum dose for vitamin B,. from 0.50 millimicrogram to 
0.35 millimicrogram per tube. The inverted dose-response curves to the 
crystalline L. casei factor (from a fermentation residue) was reported 
previously (7) and has recently been confirmed by Dr. E. L. R. Stokstad: 
Day et al. (15) have reported that treatment of a similar preparation with 
enzyme greatly increased its activity toward Streptococcus faecalis. 

Because three of the standard materials had equal activities for Strepto- 
coccus faecalis and Lactobacillus casei, it was decided to compare the ac- 
tivities of other materials for these two organisms, following enzymatic 
digestion. The values obtained for Difco veast extract were 84 y per gm. 
for Lactobacillus casei and 83.5 y per gm. for Streptococcus faecalis. The 
enzyme used was desiccated hog kidney prepared by the method of Bird 
et al. (16). Other materials assayed did not give similar values with the 
two organisms. This may be due either to incomplete enzymatic liberation 
of the conjugates present in the other materials or merely to different rel- 
ative activities of related compounds, as has been found for biotin and its 
vitamers (17), pyridoxine and its metabolites (18), and nicotinic acid and 
nicotinamide (19). 


SUMMARY 


1. A comparison was made of the activities of four different ‘‘folicacid’- 
active materials: synthetic ‘‘Lactobacillus casei factor’’ (Lederle), “L. casei 
factor’’ (Lederle), “‘vitamin B,”’ (Parke-Davis), and ‘“‘folic acid” concentrate 
(Texas) as growth factors for Streptococcus faecalis and L. caset. 


1 Private communication. 
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2. The synthetic ‘Lactobacillus casei factor,’ “vitamin and “folie 


acid” calculated on the basis of 137,000 potency for pure “folie acid” were 
found to be equally active for Streptococcus faecalis and almost equally 
active for Lactobacillus casei, with “vitamin B.”’ exhibiting the greatest 
activity and ‘‘folic acid”’ the least. 


3 Yeast extract alone gave equal assay values with both organmrmn: 


when various materials were assaved following digestion with “vitamm H. 
conjugase.”’ 
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The alkyl fluorophosphates were described by Lange and Kewewer |! 
in 1932. Of this series of compounds, several have been studied uo deta: 
because of their marked toxicity. of these com pounds is ore | 
fluorophosphate, a clear colorless liquid, which is only slightly eotuble 
in water and soluble in organic solvents. The similanty betweem the 


C.H-O ‘) 
P 
C,H;0O 


cholinergic effects of the fluorophosphates and those of physeetrmume wae 
noted by the British workers, MeCombie al... and bw Adrian amd hie 
group.” The theory of chemical mediation of the tronsmmeien of serve 
impulses through the autonomic nervous system identifies acetylehelme 
asthe mediator. The presence of the enzyme, cholinesterase, at «tee where 
acetylcholine is liberated by the nerve impulse leads to the raped hwerolyes 
of acetylcholine. Since physostigmine decreases the activity of ehelw 
esterase zn vitro, it is presumed that the acetyicholine-like action of phyee 
stigmine is due to a similar enzyme inhibition in ere, with resultant aeeume 

lation of acetylcholine. Because of the physiological <imilaritw of 
diisopropyl fluorophosphate and physostigmine, Mackworth® «tudied the 
effect of incubating alkyl fluorophosphates with horse serum cholinesterase 

He observed inactivation of the enzyme. 

The present work is concerned with a study of the mechamieme of the 
in vitro and in vive inhibition of the cholinesterase activities of serum. red 
blood cells, and tissues in the rabbit, monkey, and man by diepeepy! 
fluorophosphate. : 


* Present address, Department of Medicine, Cornell Unaiwersitwy Medica! (ollewe 
New York, New York. 

‘MeCombie, H., Adrian, E. D.. Kilby, B. A., and Kilby, M_. personal 
tation (1941). 

*Adrian, E. D., Kilby, B. A., and Kilby, M., personal communication ll 

*Mackworth, J. F., personal communication (142 
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EXPERIMENTAL 


The method for the determination of cholinesterase activity was 
essentially that of Ammon (2). The production of acetic acid from acety)- 
choline was followed at 38° by means of the liberation of carbon dioxide from 
a bicarbonate-carbonic acid buffer in Warburg vessels. In the fina] 
reaction mixture of 4 cc., the concentration of acetylcholine was 0.015 x, 
except when otherwise stated; that of the NaHCQOs; was 0.04 M (pH 7.7) and, 
in some earlier experiments, 0.025 Mm (pH 7.5). The vessels were gassed at 
38° with a mixture of 95 per cent nitrogen and 5 per cent carbon dioxide. 
At zero time, the enzyme preparation in the side arm was tipped into the 
acetylcholine-bicarbonate solution in the main compartment of the vessel, 
and readings begun 10 minutes after tipping. 5 

The various enzyme sources studied were those of serum or plasma, red 
blood cells, muscle, and brain of the rabbit, rhesus monkey, and man. 
Rabbit serum was used undiluted; monkey and human sera or plasmas 
were diluted 1:5 with 0.025 m NaHCO;. Red cells were centrifuged and 
washed twice with 5 volumes of saline and made up to 4 times their original 
volume with 0.025 m NaHCQO;. This served to dilute as well as hemolyze 
the cells. Muscle enzyme preparations were made by extracting the tissue 
according to the method of Glick (3); 5 ec. of 0.025 m bicarbonate were used 
per gm. of tissue. The extract was then centrifuged and the supernatant 
used for the determination of enzyme activity. Brain extracts were made 
according to the method of Glick (3), that of Mendel and Rudney (4), or by 
homogenization of the tissue with 5-fold its weight of 0.025 m NaHCo0; 
in a Waring blendor. 0.5 cc. of such supernatant fluids or suspensions 
was used for determination of enzyme activity. 

The measurement of reaction velocity was taken as that volume of COQ: 
in ¢.mm., produced in 30 minutes during the straight line portion of the 
time-action curve. Correction was made for non-enzymic hydrolysis of 
acetylcholine. As will be shown later, for rabbit serum a straight line 
relationship holds for the first 40 per cent hydrolysis of the substrate, and 
for periods usually longer than 30 minutes. In those instances in which 
direct proportionality between time and extent of action did not hold for as 
long an interval as 30 minutes, the CO, produced during the initial straight 
line portion of the reaction was taken as the measure of the reaction velocity 
and calculated for a 30 minute period. In the study of the hydrolysis of 
esters other than acetylcholine, the technique of measuring the activity 
was the same as that described above. The concentrations of these esters 
have been indicated at the appropriate places in the text or tables. 

Rabbits, monkeys, and men were exposed to several concentrations of 
diisopropyl fluorophosphate for varying periods of time, as described in the 
text. In certain experiments, freshly prepared solutions of diisopropy! 
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fluorophosphate in saline were injected intravenously. Samples of btood 
for determination of cholinesterase activity, were taken before amd af 
yarious desired intervals after exposure to or injection of the fuorephes 
phate. For purposes of comparison, enzyme activities were expressed a 
per cent of the cholinesterase activity before exposure or before inyeetion 
Each animal thus served as its own control for the red blood cell and serum 
studies. Normal brain cholinesterase activities were determumed om 4 
series of untreated animals. 

Samples of the inspired air, containing diisopropy! fluorophoephate. were 
withdrawn during the course of the experiments, and the comeentratrom of 
diisopropyl fluorophosphate that the animals had been expesed to woe 
determined. In those cases in which animals were sacrificed. thee wer 
killed by the intravenous injection of air and the brain was removed 


Results 


Kinetics of Action of Cholinesterase on Acetylcholine in Presence of Dhow 
propyl Fluorophosphate—A_ considerable number of enzyme reaction 
are of zero order during the initial stage. This relationship has bees shown 
to hold for cholinesterase (5, 6). In the present study, the amount of 
acetylcholine used should, upon complete hydrolysis, wield [944 «eam. of 
CO, at standard conditions. In Fig. | it may be seen that the action of 
rabbit serum cholinesterase for 130 minutes resulted in the prodwetiom of 
538 e.mm. of CO, or 40 per cent hydrolysis of the substrate. Dtwrime thie 
period, the time-action plot is a straight line. This relationship aleo held 
in the presence of diisopropyl! fluorophosphate. The reaction was of sere 
order in the presence of diisopropy! fluorophosphate and indicated that the 
inhibitor was not producing a progressive inactivation of the eneawme 
The hydrolysis proceeded as if less enzyme were present. Other types of 
cholinesterases also showed a zero order reaction during the first #0 per 
cent hydrolysis of 0.015 M acetylcholine. Among these were human musele. 
human and monkey red blood cell, and human serum cholinesterees 
On the other hand, with monkey serum cholinesterase there was a definite 
deviation from a zero order reaction during this portion of the hydrolweis 
Thus in one case of monkey serum the amount of CO, liberated from 
10 to 40 minutes after the start of the reaction was 128 ¢.mm., from 40 te 
70 minutes 89 ¢.mm., from 70 to 100 minutes 86 ¢.mm., and from 100 te 
130 minutes 60 ¢.mm. The presence of diisopropy! fluorophosphate tended 
to accentuate this progressive decrease in reaction velocity. 

In Vitro Inhibition of Cholinesterase Activity by Diisopropyl Flucrophos- 
phate and by Physostigmine—The inhibition of the activities of serum, red 
blood cell, muscle, and brain cholinesterases of the rabbit, monkey, ane 
man was determined at various concentrations of diisopropy! flucrephes. 
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phate and physostigmine. In Table I are shown the cholinesterase actiyi- 
ties of rabbit, monkey, and human sera at concentrations of fluorophosphate 
ranging from 10-° to 107" m. The reaction velocities are expressed as 
per cent of the reaction velocities of the cholinesterases in the absence of 
the fluorophosphate. In order to obtain a general measure of the extent 
of inhibition of the different cholinesterases, the relative velocities were 
plotted against the negative logarithm of the molar concentration of di- 
isopropyl] fluorophosphate or physostigmine. The negative log molar con- 


600 


500+ 


15 30 56 76 90 130 
TIME CMIN.? 

Fic. 1. Effect of diisopropy] fluorophosphate on the course of hydrolysis of acetyl- 
choline by rabbit serum. © represents hydrolysis in absence of inhibitor, @ in 
presence of 1 X 10°* M, and A in presence of 5 X 1074M diisopropyl fluorophosphate. 
centration at which 50 per cent inhibition occurred was termed the pC; 
value. These values for various enzyme preparations are shown in 
Table IT. 

It may be seen that of the various serum cholinesterases studied that of 
the rabbit was least sensitive to inhibition by diisopropyl fluorophosphate. 
Thus a negative log molar concentration of 4.1 of diisopropyl fluorophos- 
phate was necessary for 50 per cent inhibition of rabbit serum cholin- 
esterase, whereas concentrations about 0.0001 as much (negative log molar 
values of 7.7 to 8.3) gave 50 per cent inhibition of monkey, human, and 
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Taste I 
In Vitro Inhibition of Rabbit, Monkey, and Human Serum Cholinesterase by Dhite- 
propyl Fluoraphos phate 


con- | Serum cholinesterase activity 
fluorophosphate Rabbit Monkey Man 
per cent of normal per cent of mormeal per 
3.0 7 s 
3.3 10 
4.0 42 
4.3 
4.6 O7 
5.0 76 
5.3 SO 
- S2 
5.6 
5.8 SS 
6.0 SO 
6.3 
7.0 | 
7.6 
7.8 
8.0 70 
8.3 74 
8.6 93 
9.0 96 Q5 
10.0 
TaBLe Il 


Sensitivity of Various Cholinesterases to Inhibition by Diisepropyl Flucrephoaphate 
and Physostigmine 

The values are expressed in terms of the negative log of the coneentration of 

inhibitor required to produce a 50 per cent inhibition of cholinesterase aetivity 


(pC ). 


Red 
Serum bleod Muscle 
cells 
Diisopropy! fluorophos- 
phate Rabbit 4.1 5.2 5.5 
| Monkey (MVacacus rhesus 7.8 5.5 5.5 
Human 5.4 5.4 
| Horse* 
(purihed } 
Physostigmine | Rabbit 5.9 
Human 6.7 | 6.1 


Purified horse serum cholinesterase Was obtained from Dr. Kunitz and Dr 
Northrop. 
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horse serum cholinesterase activity. The various red cell cholinesterase 
showed approximately the same degree of sensitivity toward inhibition by 
diisopropy] fluorophosphate (pC, values of 5.2 to 5.5), whereas human brain 
cholinesterase (pC; = 6.0) was somewhat more sensitive than monkey oy 
rabbit brain cholinesterase (pC; = 5.5) to inhibition by disopropy] fluor. 
phosphate. Purified cholinesterase of the electric eel gave. a pC; value 
of 4.1.4 

As will be seen later, when the zn vivo results are discussed, it is of interest 
to compare the sensitivities of the various tissue cholinesterases from one 
species to inhibition by diisopropyl fluorophosphate. Rabbit brain and 
red blood cell cholinesterases showed a greater sensitivity than did serum 
cholinesterase; brain showed the greatest sensitivity. ‘Thus, a 50 per 
cent inhibition of serum cholinesterase activity occurred at a negative log 
of the molar concentration of diisopropyl fluorophosphate of 4.1, whereas 
the same degree of red cell and brain cholinesterase inhibition occurred 
at values of 5.2 and 5.5 respectively. Monkey serum cholinesterase was 
much more sensitive to inhibition by diisopropyl fluorophosphate than red 
cell or brain cholinesterase. Human serum cholinesterase was much 
more sensitive to inhibition by diisopropyl! fluorophosphate than human 
red cell or brain cholinesterase. This picture is similar to that found in 
the monkey and is in marked contrast to that observed in the rabbit. 

Table 1] also shows the sensitivities of rabbit serum, human serum, and 
muscle cholinesterases to inhibition by physostigmine. It may be seen 
that rabbit serum cholinesterase was more sensitive to inhibition by 
physostigmine (pC; = 5.9) than by diisopropyl fluorophosphate (pC; = 
4.1), whereas the reverse was true with human serum cholinesterase. 

The possibility existed that the differences in sensitivity of different 
cholinesterases to inhibition by diisopropyl] fluorophosphate were due to 
materials, other than the enzvmes themselves, present in the preparations. 
Table I] shows that a purified horse serum cholinesterase preparation had, 
within experimental error, the same pC, value as horse serum itself. Table 
111 illustrates one of several experiments which were carried out to show 
that sensitivity to inhibition by diisopropyl fluorophosphate was not de- 
pendent upon accompanying materials present in enzyme _ preparations. 
Human brain extract was heated to destroy its cholinesterase activity and 
added to human serum. The cholinesterase activity of the serum-brain 
mixture was then determined at various concentrations of diisopropyl 
fluorophosphate. The pC; value for the mixture was 7.7, the same as that 
found for human serum cholinesterase itself (Table IT). 

In Vivo Inhibition of Cholinesterase Activity by Diisopropyl F lworophos- 
phate— \n Table IV, A are presented the results of the effect of diisopropyl 


‘This preparation was obtained from Dr. D. Nachmansohn. 
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Ayorophosphate inhalation on the serum, red blood cell, and brain cholin- 
esterase activity of rabbits. It may be seen that at the higher exposures 
symptoms were acute; one animal, Rabbit 354, died in the gas chamber and 
another, Rabbit 356, died 10 minutes after the beginning of exposure; the 
third, Rabbit 355, survived. The red cell cholinesterase activities in al! 
of the animals after exposure were zero. Some cholinesterase activity 
was present in the serum of the two rabbits, Nos. 355 and 356. It may be 
recalled that the 7n vztro results indicated that rabbit red cell cholinesterase 
was more sensitive toe inhibition by diisopropyl fluorophosphate than serum 
cholinesterase. This effect paralleled the rm vivo results. At the next 
lower exposure, nO symptoms except miosis were observed, although cde 


TABLE III 


Influence of Inactivated Brain Extract on Inhibition of Human Serum Cholinesterase 
hy Ditsopropyl Fluoerophosphate 


Composition of mixture Cor — 
Serum 
Inactivated brain extract () | 0 
Serum + inactivated brain extract 651 | 102 
+ diisopropyl] fluoro- 0 0 
phosphate (10-7 1) | | 
Serum + inactivated brain extract + diisopropyl] fluoro-| 245 | 38 
phosphate (5 10°75 Mm) | 
Serum + inactivated brain extract + diisopropy! fluoro-| 346 | 53 
phosphate (2.5 1078 | | 
Serum + inactivated brain extract + diisopropy! fluoro-| 372 | 57 
phosphate (107§ m) | 


creases in the red cell serum and brain cholinesterase activities were 
obtained. 

Because of the known breath-holding characteristics of the rabbit, the 
variation in respiratory intake, and other difficulties in determining the 
precise amount of diisopropyl fluorophosphate absorbed by the animal, 
the tissue cholinesterase activity was studied in rabbits which were injected 
intravenously with diisopropyl fluorophosphate solutions. The results 
are shown in Table IV, B. One rabbit, injected with 3.0 mg. per kilo of 
the fluorophosphate, died immediately; the serum, red cell, and brain 
cholinesterase activities were zero. Two rabbits were injected with 0.3 
mg. per kilo of the fluorophosphate, a dose from which the animals usually 
recovered. Marked muscular tremors resulted, starting 3 to 5 minutes 
after the injection. Blood was taken for cholinesterase determinations 23 
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and 26 minutes after the injection. ‘The animals were then sacrificed and 
the brains removed. The brain cholinesterase activities were 5 and 12 per 
cent of normal. The red cell cholinesterase activities were 0 and 7 per 
cent and the serum 5 and 15 per cent, respectively, of the preinjection 


TaBLe IV 


Effect of Diisopropyl Fluorophosphate on Rabbit Plasma, Red Blood Cells, and Brain 
Cholinesterase Activity in Vivo 


A. Inhalation 


Concen- | | 
tration of | | 
diiso- | Duration Blood Relative cholinesterase activity* 
Rabbit propyl | of sample 
flUuoro- | exposure time 
| vapor Plasma Redcells_ Brain Remarks 
me. perl. | min. | min | | tis 
354 1.53 0 Died 
355 1.53 5 4 Muscle tremors 
| | Recovered 
356 1.53 in 5 min. 
325 0.46 5 1 No symptoms 
B. Intravenous Injection 
| Plasma ~~ Red cells | Brain | Remarks 
me. perkg. min | | | os 
327 3.0 0 Died immedi- 
| | ately 
326 0.3 7 | 12 Musele tremors 
330 | 0.05 27 60 | 19 74 ae 


* These values are per cent of the preexposure values. 


values. It may be noted that the red cell cholinesterase activities were 
lower than the serum activities. 

At a dose of 0.1 mg. per kilo of diisopropyl fluorophosphate, the rabbit 
brain cholinesterase activities were 57 and 59 per cent of normal. There 
were no systemic symptoms at this dose. At a dose of 0.05 mg. per kilo ol 
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disopropy! fluorophosphate, the brain activities were 73 and 74 per cent 
of normal. ‘These results indicated that cholinergic <ymptomes im the 
rabbit appear at an intravenous dose of between 0.1 and 0.3 mg per kile 
of the fluorophosphate. The brain cholinesterase activities, corresponding 
to the appearance of symptoms, were less than approximately 60) per cent 
of normal. 

Table V, A shows the serum and red blood cell cholinesterase activities 
alter exposure of Macacus rhesus monkevs to Various concentrations of 
diisopropyl fluorophosphate vapor. It may be seen that the serum ehelin 
esterase activity decreased markedly to from 0 to 5 per cent of the pre 
exposure value even after exposure to very low concentrations of the fuore 
phosphate. The red cell cholinesterase activities decreased as a result 
of the exposure, but not as markedly as did the serum cholimeetersee a 
tivities. The unusual sensitivity of monkey serum toward diteeprepy! 
fluorophosphate in vivo paralleled that observed in rifre, As will be re 
called, the pC; value for monkey serum cholinesterase was 7.8. The find 
ing that the red cell cholinesterase activity was not decreased a« much a- 
the serum cholinesterase after exposure parallels the semertiv rt 
of these cholinesterases to inhibition by diisopropy! fluorepheephate 
vitro. Of the four animals exposed in the chamber, only Moonkew © showed 
symptoms; these were marked tremors, salivation, and diffleulty im reenirs 
tion. The occurrence of symptoms was accompanied by zero red cell 
cholinesterase activity after exposure. As may be seem om Table V. ot. the 
return to normal of the serum cholinesterase was slow. Thue 7 te & 
days after exposure the actiyity ranged from 39 to 55 per cent of normal 

Several monkeys were injected intravenously with ditepropy! fluor 
phosphate. The results are given in Table V, Bo A dose of O95 me. per 
kilo of the fluorophosphate was fatal in 10 minutes. The serum and bran 
cholinesterase activities were zero and the red cell activity bat 2 per cont 
of normal. Essentially the same results were obtained at deses of 0.25 
and 0.2 mg. per kilo, except that the survival period was longer At « 
dose of 0.1 mg. per kilo the animal survived, although the «erwm and red 
cell cholinesterase activities were low. 


_ These results indicate that in the rhesus monkey the oeeurrence of errmep 


toms was associated with low brain cholinesterase activity. maw 
be seen that a very low dose (0.02 mg. per kilo) decreased the serum ac. 
tivity to 2 per cent of normal, whereas it affected, to only a «mall extent. 
the brain cholinesterase activity. This finding parallels the in etre differ 
ence in sensitivity between monkey serum and brain cholinesterase to in 
hibition by diisopropy] fluorophosphate. The marked in eifre semetivity 
of monkey serum cholinesterase to low doses of the fluorophosphate te um 
contrast to that shown by the rabbit and, as will be shown presently, is 
Strikingly similar to that in man. 


ere 
bbit 
ere 
0 


270 CHOLINESTERASE INHIBITION 


One group of seven men was exposed to a concentration of 19 y per lite; 
of diisopropyl fluorophosphate vapor for 8 minutes, 42 seconds, a second 


TABLE V 
Effect of Diisopropyl Fluorophosphate on Monkey Plasma, Red Blood Cells, and Brain 
Cholinesterase Activity in Vivo 


A. Inhalation 


Concen- 
Duration | Relative cholinesterase activity * 
Monkey | propyl | : 
fluoro- § exposure 
phosphate | 
Plasma Red cells | Remarks 
| me. perl. min. | | 
A 3 min. | 6S, No symptoms 
| | S days 
C 0.18 1.25 | 4 min. 2 Muscle tremors, salivation, 
| | bronchial constriction 
9 days Recovered 
BB 0.005 30) 5 min, 1 | 63 | No symptoms 
| 7 days 
| 7 days 46 
B. Intravenous Injection 
Monkey | d - Relative chohinesterase activity] 
No. | time 
| Plasma | Redceils. Brain Remarks 
meg. per | | | 
| | 
4 | 2 | Died in 10 min. 
3 | 0 Q Severe symptoms; sacri- 
| | | | | ficed 
| 0.1 24 min. | 0 symptoms 
| Sdays | & ae | 
2 0.1 | 3.75 hrs.' 0 ee Q | Muscle tremors, diarrhea 
5 0.02 | 60min. | 2 14 78 No symptoms 


* All values given represent per cent of preexposure values. 

t Second exposures of Monkeys B and D,7 days after the first exposure. 

t Equivalent to 12 per cent of the serum activity before the first exposure. 
§ Equivalent to 0.4 per cent of the serum activity before the first exposure. 
| The per cent activity of the red cells just before the second exposure. 

© Per cent of preinjection value. 


group of six men to a concentration of 27.1 y per liter for 9 minutes, and 
two men to 28.8 7 per liter for 10 minutes, 40 seconds, and 27 y per liter 
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for 6 minutes, 40 seconds, respectively. The «ymptome were extremely 
mild. All of the men showed miosis and most of them complained of « 
slight feeling of tightness in the chest, lasting for <everal howe The 
following Symptoms were observed occasionally: increased nasal «ecret por. 
nausea, salivation. 

Table VI shows the decreases in serum cholinesterase aetiwity tmmmed) 
ately after exposure and the rate of return of the activity to normal Ir 
may be seen that, immediately after gassing, the serum cholinesterm a 
tivity decreased to about | to 5 per cent of the preexpowure walue The 


Tapie VI 
E fect of Inhalation of Diisopropyl Fluorophosaphat leap € me are 


Activituin Viroin 


| D Relative cholinesterase activity af imtervele after 
diiso- ten of 
phosphate, Posure Devs 
me. perl. min. 
0.019 8.7 4 13 
R. L. 0.019 | 8.7 3 ry 
W.B. 0.019 8.7 2 l4 ry. 
M.G. 0.019 8.7 3 
J.P. M. 0.019 S.7 ry UL 
T.M. «0.019 8.7 l ‘ 
ALF. 0.027 6.7 3 13 23 16 
H.H. | 0.027} 9.0; 3f 29 
J.J.H. | 0.027; 853 26 


* These values are per cent of the preexposure values 

t The red blood cell cholinesterase activity was OT per cent of the peeeepeeure 
value. 

red blood tell cholinesterase activity was per coat of the 
value. 


rate of return to normal was very slow. Om the average, the aetivitw re 
turned to about 30 per cent in 4 days, to about S) per cent in § dawe. and 
to about 70 per cent in 15 days. The red cell cholinesterase activities of 
several of these men were determined immediately after exposure and were 
found to be only slightly decreased below preexpexure values re 
sults show, therefore, a correlation with the in rifro sensitivities of human 
serum and red cell activities. 

Rate of Restoration of Rabbit Plasma, Red Blood Cell, and Brain Cholin 
esterase Activities after Poisoning with Diisopropy! Fluerophoephate 
slow rate of regeneration of serum cholinesterase activities, demonstrated 
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above in man and monkey, raised the question as to the rate of regeneration 
of brain cholinesterase activity. The average brain cholinesterase ac. 
tivity was first determined in a series of normal rabbits. Each of group 
of about fifty rabbits was injected with 0.3 mg. of diisopropyl fluorophos. 
phate per kilo and blood samples were taken before injection for deter. 
mination of normal plasma and red cell cholinesterase. At this dose, the 
rabbits developed tremors within about 15 minutes after injection and 
continued to have these tremors throughout the day. About 10 per cent 
of the animals died. The surviving animals were free of symptoms the 
day following injection. At suitable intervals after injection, blood was 
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TIME CDAYS) AFTER INJECTION 


Fic. 2. Regeneration of cholinesteraSe activity of serum (A), red blood cells 
(O), and brain (@) in the rabbit, after intravenous injection of 0.3 mg. of diisopropy] 
fluorophosphate per kilo. : 


taken for determination of plasma and red cell cholinesterase activities. 
At these or other times after injection, one to six rabbits were selected for 
sacrifice, and brains were removed within 5 minutes after death and the 
brain cholinesterase activities determined. 

Fig. 2 shows that the recovery of plasma cholinesterase activity to normal 
values occurred in about 5 days. The red cell cholinesterase activity 
returned to normal somewhat more slowly. It was about 50 per cent of 
normal in about 5 days and attained the normal, preinjection level in 10 


days. The rate of recovery of brain cholinesterase activity was exceedingly 
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ion dow, 10 days aiter injection the brain cholinesterase activity was abut 
30 to 60 per cent of normal. 20 to 30 days after injeetion, it wae about 60 


Dy to 70 per cent of normal. 50) davs after injection, the brain cholinesterase 
he activity had returned to 90 per cent of normal. 
er Attempts at Reversal of Diisopropyl Fluorephosphate Inhitntion of Choder 


the esterase—It has been shown that the inhibitions of phosphatase by amine 
acids (7), of pepsin by proteolytic digestion produets (8), and of ehelim 
esterase by physostigmine (9, 10) may be reversed by subjeeting the em 
the yme-inhibitor mixture to dialysis or dilution. In the present «tudw. the 
serum and brain extracts of rabbits injected with 0.3 me. per kile of cy 
isopropyl! fluorophosphate were dialyzed against several changes of «alone 
for about 24 hours. In a typical expernment, the cholmesterase activi 
of the serum was found to be 14 per cent of normal before, and 12 per cent 
after dialvsis. The brain cholinesterase activity was 12 per cent of normal 
before, and 14 per cent of normal after dialysis. Rabbit plana wae ale 
treated in vitro with diisopropyl fluorophosphate and them dialyzed for 
24 hours; the cholinesterase activity was 28 per cent of normal before. and 
24 per cent of normal after dialysis. These results show that under these 
conditions dialysis did not result in any reversal of the fluorophoephate 
inhibition of cholinesterase activity. The mm erfre rewult« are in agreement 
with those of Mackworth.’ 

The following experiments show that dilution of «a mixture of cholm- 
esterase and fluorophosphate did not result in any rewersal of mmbubetion 
The cholinesterase activity of 0.5 cc. of a normal human plawna wae S44 
emm. of CO, liberated in 30 minutes; the activity of 0.05 ee. of this place 
was 93 c.mm. liberated in 30 minutes, or I] per cent. Thie plawna wae 
treated with an appropriate concentration of diisopropyl fluorophoephate 
0 that 0.5 cc. had an activity of 405 ¢.mm. of CO) liberated in SO minutes 
ls 0.05 ec. of this treated plasma showed an activity of 42 e.em., of 10 per 
. ent. Thus dilution did not result in anv relative merease im aetiwits 
This may be contrasted with the result in an experiment om human places 
treated with physostigmine; 0.5 cc. of this plasma showed am aetiwity of 
8, ¢mm. of CO, liberated in 30 minutes, whereas 0.05 ce. of thie plawne 
or showed an activity of 30 ¢.mm., or 55 per cent. ‘This relative imerease in* 
cholinesterase activity on dilution of a physostigmine-cholinesterase mux 
ture is, of course, in agreement with a previous repert (10). 


DISCUSSION 


of The present study has concerned itself with «a new anticholinesters 
0 compound, diisopropyl fluorophosphate. Of particular interest hae been 
lv the finding that different tissue cholinesterases how differing degrees © 
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sensitivity to inhibition by diisopropyl! fluorophosphate. It has been show, 
that there is a parallelism between these zn vitro sensitivities and the extents 
to which the various tissue cholinesterases examined were inhibited in piy 
after exposure to or injection with diisopropyl fluorophosphate. 

In view of the difference among the cholinesterases of different tissues ) 
inhibition by diisopropyl fluorophosphate, it would be unjustified to dray 
any conclusions from our data concerning the sensitivity to inhibition of 
cholinesterases at autonomic effector organs, ganglia, or myoneural june. 
tions. According to the concept of chemical transmission of nervous jm. 
pulses, the extent of cholinesterase inhibition at these sites should be cor. 
related with the appearance of various cholinergic symptoms. _ In general, 
in the monkey or rabbits, such cholinergic symptoms as muscular tremors, 
salivation, and diarrhea were associated with low red cell and brain cholin. 
esterase activity, and death was associated with zero brain cholinesterase 
activity. However, this association is to be regarded as fortuitous. Con- 
versely, it should be emphasized that depression of serum cholinesterase 
activity does not necessarily indicate the appearance of cholinergic symp- 
toms; in monkey and man, for example, the serum cholinesterase activity 
may be reduced to extremely low levels without the manifestations of such 
symptoms. 

In confirmation and extension of previous work,’ the present study has 
shown that the inhibition of cholinesterase by dilsopropy] fluorophosphate 
is, in contrast to the inhibition by physostigmine, not reversed by dilution 
or dialysis of the enzyme-inhibitor mixture. If, as is generally assumed 
(11), an inactive enzyme-inhibitor complex is formed, then such a complex 
is not readily dissociated. The possibility exists, of course, that the active 
enzyme might be regenerated by combining the inhibitor with some other 
substance to form a less dissociated complex than the enzyme-inhibitor 
complex. 

The persistence of low serum, red cell, and brain cholinesterase activity 
in the rabbit for periods of 5, 10, and 60 days, respectively, and of low 
serum cholinesterase activities in the monkey and man for periods of at 
least 1 to 2 weeks, offers evidence in support of the irreversibility of inac- 

*tivation in vivo. Hall and Ettinger (12) found that, after injections ot 
physostigmine in the dog, the serum cholinesterase activity dropped to 10 
to 25 per cent of normal in about a half hour and returned to normal in? 
hours. This prompt restoration of normal activity may well be expected 
in the case of a readily reversible inhibitor-enzyme complex. On the other 
hand, the long periods of time necessary for the restoration of normal 
cholinesterase activity, after exposure to diisopropyl fluorophosphate vapor 
or injections with diisopropy] fluorophosphate solutions in the instances 
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mentioned, are of the same order of magnitude a= those neeeeeary fee the 
regeneration ot protein (13) and would seem to ineheate a ewnthese of 


enzyme proteim., 
SUMMARY 


The inhibition of serum, red blood cell, bram. amd 


esterase activity ot the rabbit, monkey, and man bw range of ob 
isopropyl fluorophosphate concentrations was 
emparison, the inhibition Dy physostigmine of rabbet and 
and muscle cholinesterase activity was also investamated The of 
hibition was quantitatively evaluated as the negatiwe leg 
tration of diisopropy! fluorophosphate necessary to 4) per com 
decrease in the original cholinesterase activity. Fee 
described as the pC; value. 

The effect of exposure to, or injection with, 
phate on the cholinesterase activity of the serum, cee cell, 
was studied in the rabbit and monkey. The effeet of exposure fo lew coe 
entrations of diisopropyl! fluorophosphate om 
activity was also investigated. It was found that 
those of human and monkey serum, which Were Very 
showed marked in vivo decreases without the 
of cholinergic symptoms. 

3. The rate of restoration of serum cholinesterase 
man was very slow. In the rabbit, 5, 10, and about () days were seewe 
sary for the restoration to normal of serum, red cell, and beeen choloseetermee 
activities, respectively. 

4. Dialysis or dilution of cholinesterase-diisopropy! fluorophoephete 
mixtures or of tissue cholinesterases from animals pomwoned with dee 
propyl fluorophosphate did not result in any increase of the cholmesteres 
activity. These experiments indicated that the inhibition of cholimesterses 
by diisopropyl! fluorophosphate was not readily reversible. 

5. The results on diisopropyl! fluorophosphate inhibition of cholmmesterase 
activity have been discussed with regard to the questions of cholimesteraes 
irreversibility and the appearance of cholinergic symptoms. 


bow 
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Probably one of the most important factors in successful microbiologies! 
analysis is the method of culture of the bacterial organisms employed i 
each test. It is only when the bacterial cells are in optimum nutrition 
that they can be expected to respond properly as test organisms. [f ie get 
an uncommon experience that cultures of test organisms do not alwaye ahve 
reliable standard curves. Furthermore, it is frequently obserwed that on 
prolonged culturing the bacteria may exhibit a gradual deerease in tote! 
acid production and in linearity of response to the nutrient under tee 
Such occurrences limit the useful range of the standard curwee amd ma, 
cause doubt as to the validity of data resulting from the analyse of tee 
substances. Such comment has also been made by Krehl, Strome. and 
Elvehjem (1). 

In this paper studies are reported on the effect of the method of ealture 
upon the response of Lactobacillus arabinosus' and Lactohbaetlus cae 


EXPERIMENTAL 


Culture Media Employed. Preparation of Liver At test 
concentrate paste was used as a source of liver nutments. Llowecer on 
aqueous extract of fresh liver was later used and comsidered to be a hette 
source Of nutrients. It is made as follows: | pound of ground fresh leer 
is suspended in 2 liters of water, heated GO minutes on a steam beth. em 
then filtered through cheese-cloth. After neutralization te pil 7.0. « 
heated again for 15 minutes, filtered through coarse filter paper, ame) «tener 
under toluene in a dark bottle in the refrigerator. 

The agar and broth media used in these culture studies hawe the follee we 
composition per 100 ml.: yeast-glucose agar, | gm. of glucose, | em. of 
yeast extract (Difco), and 1.5 gm. of agar; /ywer-(ryptene ager, | em. of 
tryptone (Difco), 1 gm. of glucose, 0.2 gm. of PO, of Cate), 


* Aided by a grant from the Consolidated Edison Company of New York. te 

t The data reported in this paper were taken in par’ irom « theam preeemtod be 
Mavis Nymon to the Graduate School of Cornell Uniwerty om perteal 
of the requirements for the degree of Master of Science 

‘American Type Culture Collection, No. SOM 

*American Type Culture Collection, No. 7469. 
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1.5 gm. of agar, 10 ml. of liver extract, and 0.5 ml. each of Salts A and B+ 
liver-tryptone broth, 1 gm. of tryptone (Difco), 0.5 gm. of KeHPQ,, 09 
gm. of glucose, 0.2 gm. of yeast extract (Difco), and 10 ml. of liver extrac. 

Effect of Culture Method upon Response of Lactobacillus arabinosus—{t js 
evident that there are a number of variations in the manner in which stock 
cultures of L. arabinosus are carried. In the original paper of Snell and 
Wright (2) on niacin, stock cultures of L. arabinosus are carried in yeas 
extract-glucose agar and transferred at monthly intervals, being incubated 
at 30° for 24 to 48 hours. Inoculum for the assay tubes is prepared by 
transter from the stock culture to a tube of the basal medium containing 
0.1 y of niacin per ml. of solution, and is then incubated at 30° for 18 to 3s 
hours before use. IWKrehl, Strong, and Elvehjem (1) transfer the stock 
eulture weekly in buffered veast extract-glucose agar with incubation a 
37°. IWwent-Jones and Meicklejohn (3) report results obtained from. stock 
cultures transferred monthly in solid glucose agar at 37°. 

In this laboratory it was found that cultures transferred eyery 3 or 4 
weeks in yeast extract-glucose agar with incubation at 37° gradually 
decreased in linearity of response to the added niacin. A new culture of 
Lactobacillus arabinosus obtained from the American Type Culture Collec. 
tion gave a linear response up to 0.3 y of macin per tube. The acid produe- 
tion Was not measured at a higher level of the vitamin at this time. After 
about 4 months the linearity had fallen to about 0.2 y of niacin. Monthly 
transfer through liver-tryptone agar was also tried but this did not seem 
to improve the activity of Lactobacillus arabinosus. After 10 months this 
eulture gave a linear response only up to about 0.15 y of niacin. This 
decline in linearity limited, of course, the useful range of the standard 
curve and, at the same time, the organism may possibly give an unknown 
response to substances in the test solution, owing to its altered viability. 

At the end of this period it was decided to attempt a ‘‘rejuvenation™ 
of the microorganism. That is, it was decided to determine whether 
frequent transfer of the culture through nutritious media would result ina 
return of the original activity and linearity of response of the culture to the 
added vitamin. <A series of transfers through skim milk and subsequent 
transfers through nutrient-rich liver-tryptone broth for several times and 
then weekly transfer from liver-tryptone agar to broth to agar again within 
3 weeks resulted in marked improvement of response. Linearity had 
increased to 0.2 y per tube. After this time the temperature of incubation 
was also changed to 30°, since this temperature is considered to be the 
optimum temperature for Lactobacillus arabinosus (4). 


? The inorganic salts are as recommended by Snell and Wright (2). Solution A 
contains 25 gm. of potassium monohydrogen phosphate and 25 gm. of potassium 
dihydrogen phosphatein 250 ml. of water. Solution B contains 10 gm. of magnesiu= 
sulfate heptahydrate, 0.5 gm. of sodium chloride, 0.5 gm. of ferrous sulfate heptahy- 
drate, and 0.5 gm. of manganese sulfate tetrahydrate dissolved in 250 ml. of water. 
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Pos 


Further skim milk and _ liver-tryptone broth tramsfers 
inearity within another 2 weeks to 0.25 y of maem. After 
iwith weekly transfer through liver-tryptone broth to lwer-teyptote ge 
for stock transfer, and from agar to broth to basal mrecitem plese teen 


N KOW 


MICROGRAMS OF NIACIN 

Fig. 1. Curves showing the effect of culture method upon the ace predeeties of 
Lectobacillus arabinosus in response to added niacin. (August 3. 
culture carried in veast-glucose agar at 37°; O (June 13, 144) monthly Cranefer 1» 
liver-tryptone agar at 37° just prior to weekly transfer procedure: @ December |! 
144) 5 months after weekly transfer at 30°. 
for the preparation of the inoculum) linearity to nearly 0.5 » was attained 
For the effect of various culture methods upon the response of Lactohee |!» 
arabinosus to niacin, see Fig. 1. 

Although this procedure of weekly transfer was more time-comenmone 
than that of monthly transfer, the effort seemed worth while, <inee » 
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MICROGRAMS of AIGOFLAVIN 


Fic. 2. Curves showing the effect of culture method upon the acid production of 
Lactobacillus case: in response to added riboflavin. & (August 3, 13) original 
culture carried in yeast -glucose agar at 37°; O (May 7, 1944) monthly transfer in liver- 
‘ryptone agar at 37°; A (October 10, 1944) 3 months after weekly transfer through 
liver-tryptone broth to liver-tryptone agar at 37°; @ (December 11, 1944) 5 months 
after weekly transfer at 37°. 


standard curve of much greater reliability was obtained. Not only was the 
useful range of the standard curve increased but also, since the bacterial - 
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culture Was in a state of better nutrition and ot greater viability. ot weld 
not seem so likely to be affected by unknown substances in the test solutpon 

Effect of Culture Method upon Response of Lactobacillus case. Lo © 
the microorganism used in these studies for assaving riboflavin, was al 
afiected by the culture method, as was L. arabinosus. L. cases, however 
seems to be subject to a great many variations, for the reproduciality of 
standard curves from one assay date to another in no wav parallels that of 
the standard curves obtained by the response of L. aratnnosus to mime 

The first curve obtained with the new culture of Lactobacillus cae: 
was linear to 0.25 y of mboflavin per assay tube. After that time the 
response of the organism to riboflavin resulted in a more rounded curve 
The change to liver-tryvptone agar from yeast-glucose agar with month) 
transfer resulted in a definite increase in acid production with a much 
steeper curve. An attempted “rejuvenation” similar to that emplowed 
for L. arabinosus but with continued incubation at 37° also imereased the 
acid production over and above that of the culture transferred through 
liver-tryptone agar every 3 or 4 weeks at 37°. However, it did not give as 
significant an improvement as did the change of agar trom veast-hicose 
agar. The yveast-glucose agar seems deficient in nutrients necessary for 
the maintenance of an active culture of L. cased. Broth transfer and 
frequency of transfer may also be of some importance. The effeet of culture 
method upon the response of L. casez to riboflavin is shown in Fig. 2. The 
curves shown are based on values corrected with the blank titrations to 
zero in order to make them strictly comparable. 

DISCUSSION 

While these culture studies on Lactobacillus arabinosus and L. case: are 
by no means complete, they do emphasize the fact that the method of 
culture of the test organism is a very important factor in the respomse of the 
bacteria to the nutrients assaved. Many papers have been reported on the 
stimulatory effects of the addition of certain ingredients to the usual besa! 
medium employed for a microbiological test, such as the effeet of rice 
polishings concentrate on the response of L. casei reported by Clarke «f a! 
(0, 6). Other stimulatory effects on L. casei by certain substances have 
been reported by Wegner et al. (7). The influence of buffer and glucose on 
the acid production of L. casei has been reported by Stokes and Martin 
(8). In the paper by Krehl, Strong, and Elvehjem (1) evidence has been 


_ presented to show that increased acid production and increased linearity 


of response to niacin were obtained with L. arabinosus when the basal me<t- 
ium of Snell and Wright (2) was modified and a different procedure in 
growing the inoculum was used. 

In the studies on Lactobacillus arabinosus here reported the modified basal 


282 L. ARABINOSUS AND L. CASEI CULTURES 


medium of Krehl, Strong, and Elvehjem (a commercial casein hydrolysate 
was used rather than a laboratory preparation) has been used throughout 
for assay purposes. The culture method has proved to be one of the 
determining factors in the response of the microorganism to niacin, y 
the case of Lactobacillus caset there was a very marked increase in acid 
production by a change of agar medium. ‘The more complex agar medium 
evidently supplied growth essentials or stimulants to acid production that 
were not present in the veast-glucose agar or were present only in smal] 
amounts. 

Further studies on culture methods for these organisms seem to be worthy 
of investigation, for it appears likely that culture method has an important 
role in the production of successful microbiological assavs. 


SUMMARY 


Data have been presented which show that the method of culture affects 
the response of the microorganisms Lactobacillus arabinosus and Lacio- 
bacillus casev to niacin and riboflavin, respectively. Degraded cultures 
of these organisms can be ‘‘rejuvenated”’ by a change in transfer medium, 
greater frequency of transfer, and by incubation of the culture at the 
optimum temperature. | 

In the case of Lactobacillus arabinosus, a change of incubation temperature 
from 37° to 30° and weekly transfer of the stock culture from liver-tryptone 
agar to liver-tryptone broth to agar again after 5 months resulted in a 
change of linearity of response to added niacin from a maximum of 0.15 
y to about O44 y of miacin. A change in agar medium from yeast-glucose 
to liver-tryptone agar without increased frequency of transfer of Lacto- 
hacillus casei with incubation at 37° resulted in a definite increase in acid 
production, Frequent transfer through broth to agar also effected some 
increase in acid production of Lactobacillus casei. 


We are indebted to Dr. I. C. Gunsalus for his advice, encouragement, 
and interest in the studies presented. 
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CONCENTRATION OF THE RABBIT PAPILLOMA VIRUS WITH 
THE SHARPLES SUPERCENTRIFUGE* 


By A.R. TAYLOR 


(From the Department of Surgery. Duke University School of M 
Durham. North Caral nad 


(Received for publication, November 1045 


The purification of viruses has been accomplished thus tar chiefly by 
the use of the vacuum tvpe air-driven ultracentrifuge. The instrument, 
though of low volume capacity, has served effectively to provide small 
quantities of purified materials. There are occasions, however, when 
large scale work is desirable and necessary, particularly with respect to the 
initial concentration of relatively small quantities of virus from large 
volumes of crude tissue extract. An instrument long available and of 
much potential value because of its greater capacity is the laboratory model 
Sharples supercentrituge. A number of workers (1-5) have demomstrated 
that viruses can be concentrated by means of this instrument. using either 
the standard equipment or various modifi¢ations of it. Stanley (4) was 
able to sediment 60 per cent of the tobacco mosaic virus out of large volumes 
of juice from infected tobacco plants. Subsequently the Sharples super 
centrifuge was used for the sedimentation of influenza virus () and the 
preparation of influenza virus vaccines (7, 8). In recent work in this 
laboratory, relatively large quantities of purified papilloma virus were 
required for measurement of the density of the virus in solution 9). Ae. 
cordingly, studies were made on purification of this virus with procedures 
involving use of the Sharples instrument. The results obtained are de- 
scribed in the present paper. 


Materials and Methods 


The Sharples supercentrifuge used was the air-driven laboratory model, 
modified as previously described in detail (7). The instrument wae 
equipped with a standard batch bewl which had been ®onverted inte a con. 
tinuous flow bowl] of residual volume (50 ml.) smaller than that of the 
standard continuous flow bow] (160 ml.). The advantages of the modified 
bowl are (1) a thinner layer of fluid through which the virus must sediment 


* This work Was supported throug’ the Commission on Influenza and the (om 
mission on Epidemiological Survey, Board for the Investigation and Control of 
Infuenza and Other Epidemic Diseases in the Army. Preventive Medecine Service 
Office of the Sureeon General, United States Army. The work was aided alee in part 
by 2 grant to Duke University from the Lederle Laberatormes. Ine. Pearl River 
New York. 
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during centrifugation, and which thus permits a much more efficient cop. 
centrating action at higher rates of flow (7), (2) a small volume of concen. 
trate tor further processing, and (3) retention of the concentrate within the 
bowl at the end of the run. The instrument was mounted under ultra. 
violet lights (7) to prevent heavy contamination of the concentrate with 
viable bacteria. : 

‘The papillomas were naturally occurring growths obtained from cotton- 
tail rabbits trapped in Kansas. The warts were removed from the animals 
in the field, covered with a mixture of equal parts of glycerol and 0.9 per 
cent NaCl solution in 8 ounce bottles, and shipped immediately to the 
laboratory, where they were stored at 2-8°. The growths used in the pres. 
ent experiments were collected over a period of about 14 months and had 
heen in glycerol-saline solution from 4 to 5 vears. The number of bottles 


TABLE I 
Yeeld of Papilloma Virus Obtained by Preliminary Concentration from Crude Wart 
Lxtracts with Sharples Supercentrifuge and One, Two, or Three Cycles of Low and 
High Speed Spinning in Vacuum Ultracentrifuge 


Weight o 
Batch No. Date interval bottles received 
extracted uitra- | Per gm. 
| | Total papil- 
— | omas 
— 
em. | me. 
S5-86 2 | Dec. 28, 1939-Jan. 12,1940 | 152.0 | 1 | 50.4 | 0.33 
S7-89 10 | Jan. 17—-Mar. 21, 1940 3 | 
| | 708.0 94.1 (0). 133 
7 | Dee. 1, 1940-Jan. 9 Sa | 
| | Dec. 1, 1940-Jan. 10, 1941 | 93.5 | 
| | | 3 76.9 | 0.108 
oO 6 | Jan. 10-Feb. 10, 1941 | 287.0 2 59.2 0, 206 
| 


of warts and the dates they were received at the laboratory are given in 
Table I. | 

Use of the Sharples instrument for concentration of the papilloma virus 
is illustrated in the grocedures of a typical experiment. 150 gm. of warts 
were freed of hair and extraneous tissue and broken up in about. 100 ml. of 
0.9 per cent NaC] solution in the Waring blendor. The pulp was made up 
to a volume of 2 liters (a 7.5 per cent tissue suspension) and set aside at 
2-8 to extract overnight. The suspension was then mixed with 50 gm. 
of No. 512 Celite and filtered through a thin mat (2 to 3 mm.) of No. 508 
Celite. The resulting, slightly turbid filtrate was passed into the Sharples 
supercentrifuge through a No. 24 gage hypodermic needle (7) at a constant 
rate of 500 ml. per hour. A centrifugal field of 62,000 g was maintained at 
the inside bow] periphery (50,000 r.p.m.). The extract was followed with 
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500 ml. of a solution containing NaCl and st 


con. pH 6.5, to displace the tinal 50 ml. of extract and to wash the seclumettedt 
1Cen- yirus. As the speed of the bowl] slowed, the lower mlet boss was <tonmpered 
1 the (7). Removed from the machine, the bow] the rated 
Itra- virus in volume of SO mil. was set aside in the cold room ermight 
With thorough shaking of the bow] the next morning, the 40 ml. of Virus stepen 
sion were Washed into a 100 mil. centrituge tube with 20) ml. ot the butte 
tton- saline solution. This was spun In an angle centrituge tor 15 motes at 
mals 3000 g and the supernatant fluid decanted. “The sett, 
per | was washed two times with 25 ml. portions of buffer-saline solutrom, amd th 
) the wash fluids were added to the initial concentrate 
pres- The virus recovered from an initial volume ot 2 liters of erude extract 
| had was now in a volume of 120 ml. This was subjpeeted to a single evele of 
Ittles centrifugation in the vacuum ultracentminuge (40) tor munutes 


Wart 

ind 

rus 

| Fic. 1. Sedimentation diagram of pamillema virus comeent rat 

filtered extract with the Sharples supereent riftuge ated bey there ‘ 

me. and high speed spinning in the vacuum ultracentrifuge Phe virus concent ration wae 

39 3mg. per ml. The mean ultracentrifugal feld was [7 (08) times 
interval between exposures 2.5 minutes. The sedimentation cometant wae = 2% 

133 Svedberg units. 
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30,000 g for 1 hour), atter which the pellets were taken up 6.5 mel of the 

buffer-saline solution. Large aggregates were elummated bw lew 

centrifugation In the vacuum ultracentmtuge at SO) tor 

in 

virus The results of experiments with three different of on 

shown in Table 1. The experiment deserihed abowe involved 

il. of 0.4 mg. of virus were obtained, a vield of 0.433 mg. of frome 

e up Warts, Infectivity measurements’ ty the permed 

le at gave a 30 per cent point infectious of 100°" gem. of 

cating a close similarity of the biological activity of thie preperetios 

508 purified papilloma virus previously studied (10 the experimen 

rples Batch 87-89, the initial sedimentation im the sh tet 

tant 

d at These measurements were generetely ih i 

with Dr. W. Ray Bry an, National Cancer Imetitut 
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followed by three eyveles of alternate low and high speed spinning in the 
vacuum ultracentrifuge. A considerable loss of material was experienced 
with each additional evele, but the proportion of the loss consisting of actual 
virus Was not estimated. A sedimentation diagram of Batch 87-89 cop. 
eentrated in the Sharples supercentrifuge and sedimented three times in the 
vacuum ultracentrifuge is given in Fig. tl. Phe diagram indicates a high 
degree of homogeneity of the virus concentrate. 

In previous experiments (11) on isolation of the papilloma virus with 
use of the vacuum ultracentrifuge throughout the process, approximately 
1000 gm. of papillomas vielded 200 mg. of virus. “Phis quantity of puri- 
fied virus was collected in a series of twelve experiments in which the re. 
spective vields were extremely variable. In the present experiments 1147 
gm. of papillomas vielded 186.5 mg. of purified virus, a result which com. 
pares favorably with the earlier findings. As noted above, the growths 
used here had been stored in 50 per cent glycerol-saline solution at 5-8° 
for a period of 4 to 5 vears, and this apparently did not materially influence 
either the physical characters (9) or the biological activity (10) of the virus 
recovered, 


DISCUSSION 

The present work demonstrates the usefulness of the Sharples super- 
eentrifuge in the preliminary concentration of the papilloma virus from 
tissue extracts of volumes inconveniently large for routine purification 
work with the vacuum ultracentrifuge. While the proportion of the virus 
recovered from the extracts was not determined, the vields were satis- 
factorily comparable with those obtained by the use of the vacuum ultra- 
centrifuge alone. It is noteworthy that a filter paper lining (5) for the 
howl was not employed; instead, the papilloma virus was deposited directly 
on the wall of the spinning bowl, as in the instance of the influenza virus 
(7) in previous work. Quantitative recovery of the virus from the bow! 
wall was greatly facilitated by stoppering the bowl before rotation had 
ceased, 

The recent critical evaluation by Markham (5) of the theory of sedi- 
mentation in relation to the technique of ‘‘differential centrifugation” 
emphasizes properly certain. practical limitations of the ultracentrifugal 
procedures generally utilized for the isolation of viruses. The ultra 
centrifugal process, as usually applied with the vacuum ultracentrifuge, 
is essentially one of washing away in the supernatant fluids of the high 
speed runs unsedimentable materials of particle size much smaller than 
that of the viruses, and removal by relatively very low speed centrifugation 
of gross tissue particles and material aggregated in the preceding high 
speed run, The centrifugal field differential emploved is tar too great to 
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permit appreciable separation of discret: 
constants differing, for instance, bw as much as 
Svedberg units (13). 
of the materials are markedly greater (14 oe os 

countered. ‘The centrifugal field developed by the Sharples «epercenen 
fuge Was sufficient to sediment effectively the papilloma wires. 
convection associated with a continuous and relatiy ely of eal 
through the bow]. 
of the finely divided melanin pigment and other dixpersed particles pert 
removed from the extract by preliminary filtration with Celite Vi ark harm 
(5) has indicated the lack of advantage of repeated centrifugation im the 
Sharples instrument in the presence of convection such ae that oeewrrine 
in the continuous flow bow), 
convection is a much smaller factor, and extraneous particles aggregated be 
packing in the pellet of the high rums cam he be 


speed spinning. 


kven when the difieren IF) af anfe 


With the virus. however there «es Py 


In the vacuum ultracentrifuge. 


The rabbit papilloma virus has been purified im satiefaeterew wiedele bo 


preliminary sedimentation with the Sharples freee 
volumes of extracts of cottontail rabbit 
and low speed spinning in the wae vii twee alt 
The combined procedures deserthed prow om to large quantifiex of 
the virus in preparations of relatively worl 
siderable savings in time and cost 

|. Galloway, I. A., and Sehlesinger, # 7. 
2. Bawden, F. C., and Pirie. N. A j hh 
3. MeIntosh, J.. and Selbie. A Patt . 
4. Stanley, W. M.. J. Am. Chem. S ive 
5. Markham, R., Parasitology. 38. 
6. Stanley, W. M.,/. Erp. 70, 255 
7. Taylor, A. R., Sharp, D. G.. MeLean. W bes set W 

J. Immunol... 201 (1045 
Stanley, Erp Weed., 61, 18 
9. Sharp, D. G., Taylor, A. R.. and Heard. J. Biol. Chem. 308. 


0. Bryan, W. R., and Beard, J. W 

ll. Beard, J.W.. Bryan, WR 

12. Taylor, A. R., Sharp, D. G 
115 (1942). 

3. Taylor, A. R., Sharp, D. 
31 (1943). 

lf. Stanley Erp. 79, 267 


Heard. I). amd Heard. WJ. Th, 


Heard. 1) end Heard J Ina. 


| 
é | 


THE DENSITY AND SIZE OF THE RABBIT PAPILLOMA Vins 


By D. G. SHARP, A. R. TAYLOR, avo J. W. BEART 


(From the Department of Surgery, Duke ty Scheel of 
Durham, North Car 


(Received for publication, Newemher % 


A direct method of measuring the density of particles 
consists of sedimentation velocity studies of the virus mm meee of 
densities (1-4). Untortunately, this method whem the 
density of the suspending medium is varied with materiale «oh o Net! 
sucrose, urea, Or glveerol because of alteration in the demsity of the particle 
under study. As a consequence, there oceurs a breakdown of the luvews 
relationship which should exist between the sedimentation rate of 


and the density of the medium, and the resulting waluwes of partecle hemerty 
are too high. This effect has been attributed to the cemetic peeeenre of 
the denser media (4). 

A means for lessening the possible osmotic influemee Gee of 


srum albumin, which is of relatively high molecular wemht. for carwme 
the density of the suspending medium. Use of this maternal hae given ate 
factory results in studies on the density of the three twpes of unflmemee wire 
(5,6) and, in more recent experiments, has heen emploved im a «tady of 
the density of the rabbit papilloma virus in aqueous suepemem. ‘The 
results thus obtained are given in the present repert. For purposes of 
computation it was desirable first to determine the relation of sechenemts 
tion velocity to virus concentration, and the findings in thix premaraters 
work are likewise described in the present paper. 


Material and Methods 


The papilloma virus was procured from extracts of cottontad rabbit wart. 
by centrifugal concentration and purification. Some of the wire was 
purified in the usual way (7) by means of the air-driven quantity ultra 
centrifuge; most of it, however, was first concentrated in the Sharples 


*This work was supported through the Commission on Influenza acd the Com 


mission on Epidemiological Survey, Board for the Investigation and Control of Ln. 
fuenza and Other Epidemic Diseases in the Army. Prowentive Medicine Service, 
Office of the Surgeon General, United States Army. The work was aided alee im part 
by a grant to Duke University from the Lederle Laboratories, Ine . Pearl Riwer, 
New York. 

t Consultant to the Secretary of War and a Member of the Commas. on Ncote 
Respiratory Diseases, Board for the Investigation and Control of Influenza and Other 
Epidemic Diseases in the Army, Preventive Medicine Service, Office of the Purgeon 
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centrifuge and purified finally by repeated sedimentation in the quantity 
ultracentrifuge. The procedures involving use of the Sharples centrifuge 
and the product thus obtained have been described in a separate report (8) 

Several different batches of concentrates were used separately for the 
present studies. The purified virus was suspended in concentrations of 
6.5 to 9.6 mg. of virus per ml. in a solution of 0.13 Mm NaCl and 0.05 4 phos. 
phate buffer of pH 6.5. Estimation of virus content was made from 
IXjeldahl nitrogen determinations with a conversion factor (9) of 6.66. 
The character of the concentrates may be judged from the single sharp 
boundaries of the sedimentation velocity diagrams described elsewhere (8), 
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Sedimentation Rate (S,n% x 10) 


woeao wn 


Fig.l. Sedimentation of the rabbit papilloma virus in aqueous solutions of bovine 
serum albumin of various densities. The ordinate of the continuous line is the 
product of observed virus sedimentation rate and the viscosity of water at the rotor 
temperature and that of the broken line is the relative viscosity of the suspending 
media at 25°. 


The bovine serum albumin was a crvstalline fraction which Dr. Hans 
Neurath obtained from the Armour Laboratories, Chicago, Illinois, through 
the courtesy of Dr. E. J. Cohn and Dr. H. B. Vickery. The albumin was 
dissolved in approximately 25 per cent concentration in a solution con- 
taining 0.13 m NaCl and 0.05 m phosphate buffer of pH 6.5, which was 
identical with the solution used for suspending the virus. The stock al 
bumin solution had a density ot 1.0686 and the results of viscosity measure- 
ments! made on it at 25° gave the data shown in Fig. 1. The relative 
viscosity of the buffered saline solution, measured also at 25°, was 1.020. 

For the studies on the relation of sedimentation velocity to virus ¢con- 


1 The measurements of viscosity were very generously made by Dr. John 0. 
E-rickson. 
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eeptration, the virus preparations 
vith appropriate volumes of the hufferedd «slime 

The virus-albumin preparations tor the density 
dijuting the stock virus suspensions with the feathered 


mixing With the stock albumin solution 
eontained, in all instances, 2 mg. of Virus per ml. the respective a 4 
of bovine serum albumin required te the freemen 
density of the buffer-saline selution) to 7 
was necessary to fairly small volumes of the om ’ 
to conserve the supply. Sriall total samples of (8S tee 


made up by pipette trom the three wotty 


the work and, consequently, the mixtures were te 
buffered saline was added and the total sample weighed te Of omg 7 


densitV ot the suspending ~tirre t 


Fig.2. Aseries of typical schheren the preg 
The radial distances mesnsured tes theee 
analysis such as that shown in 3. The 
then caleulated trom these values thee 
highest concentration of albumin, the virtue Woe ths 
centrifuge and resuspended in the undiluted? allem Wher 
sample was prepared, about half of tf was oe the cell et th 
ultracentrifuge immediately, and its 
recorded. Most of the remainder of the t 
following day, ana the residue Wiis foo cell 
centrifuge carrving a 4° sector-shaped cell 12 meme. af 
o6.5em. The cell thickness was 5 xt oly 
sedimenting boundary Wits mide worttpe eof 
index gradient. Schlieren Dietuires Were Caket th lem <vefem giving 


2 x magnification in the chreetpan cof at oof 


mentation, little change in the positran ot Che 
sary during the runs. In Fig. 2 there coms 
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photographs? made at 3 minute intervals while the rotor turned 210 pp<¢ 
Measurements to locate the boundary positions on the negatives were made 
with a traveling microscope equipped with low power lenses. — In each ease 
the mid-point of the shadow was taken as the position of the boundary 
Common logarithms of the radit obtained from this plate are shown in Fig 
3 plotted against time, giving the line whose slope was used for sediments. 
tion velocity calculations as follows: 


2.303 logy o Rs logy o R,) 
(T’. 7; ) 


= K (slope) 
where FR; and 7/2 are radial distances in cm. to the boundary at times qT 
and 7. measured in minutes; w is the angular velocity; and A is the constan: 
for a given rotor speed. 


.8300; 


.7800 


Oo 3 6 9 12 I5 18 21 24 27 30 33 
Time in Minutes 
Rie.3. Analysis of a series of schlieren photographs showing the logy» of the radial 
distances plotted against time. The slope of the line is proportional to the sedimen- 
tation rate. 


In all of the determinations, care was taken to have the temperature oi 
the sample the same as that of the rotor. The temperature of the rotor 
Was measured before and after each run to provide a mean value from which 
density and viscosity corrections were calculated. 


Results 


The findings concerned with the dependence of sedimentation velocity 
on virus concentration are illustrated in Fig. 4. The sedimentation con- 
stants (Noo) of a single virus preparation at various virus concentrations 
fall on a straight line inclined only slightly to the horizontal, showing 4 


2 These photographs supplied the data for the point of Fig. 4 corresponding to 3 mg. 
of virus per ml. 
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small but definite etiect ot concentration on Soy Teor 
results with ra second preparation “ut two clifferernt be 


shown in Fig. 4. The straight line was drawn through aff of 

the method of least squares. From these results, if thet 
change occurred in of the papilloma Virus at comeent ration. ap mee 
per ml. The value of Seo used for estimation of particle radie« im «ube« 
quent ealculations was obtained by extrapeolatome the 
concentration. This value was = 207 Svedherg anit. 

The results of the studies on densit of the worms 
serum albumin are given in Figs. | and 5. In Pig. t there ave «hewn the 
observed sedimentation rates, multiplied by the aleolute weeetty of 
water, nts at the temperature of the run in relation te the chematw of tie ol 
bumin solutions. It is seen that the sedimentatiom mate of tie vore ce 
creases very rapidly with the increase in the cemetw of the offeeom 


Virus Concentration — mg/m 


Fig. 4. The dependence of sedimentation constant papilloma virtue con 
centration is shown extrapolated to infinite dilution, tedieating « loowitime walee of 
the sedimentation constant of 207 Svedberg units. The omen 
sedimentation constants of a single pr paration aft Virwe 
Asecond preparation at two different concent rations few the 


solution. The increase in the viscosity of this suspending median ae 
ated with increase in the concentration of albumin is aleo inmdieated is 
Fig. 1. It is seen, further, that at the higher of the mecia 
virus sedimented at speeds = (28 so low that the 
tion rate of bovine albumin itself = about 5 10°" 
tures of the studies contributed significantly to the obeerwed rate of 
sedimentation of the virus. Thus, if the rotor speed and albumin comeen 
tration could be increased indefinitely, the rate of wirue ater 
would never reach zero but would approach asviptotiealiv that ot the 
albumin. This approach would be exceedingly slow beeause of the raped 
increase in the viscosity of the albumin solution throwgh whiel: the whem 
must sediment. 

In order to estimate the influence of the density of the suependune mechan 
alone on the sedimentation rate, therefore, two corrections met be muede 
First, the sedimentation velocity of bovine serum albumin mauet be eal 
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culated from its sedimentation constant at each temperature used and syb. 
tracted trom the observed velocity of the sedimenting virus boundary; and, 
second, this difference must be multiplied by the relative viscosity of the 
suspending medium (:ssumed in this experiment to be constant over the 
temperature range used, namely 23.4-27.0°),° and by the absolute viscosity 
of water at the temperature of the experiment. 

The resulting sedimentation velocity values corrected as described are 
given in Fig. 5, plotted against the density of the suspending medium. One 
set of the values was obtained from the results of examination of the virus. 
albumin mixtures immediately after preparation and another group from 
examination of the same mixtures after 24 hours. There was no evidence 
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Fic. 5. The dependence of sedimentation rate of the papilloma virus on the density 
of the bovine albumin suspending medium. Correction of the data of Fig. 1 for the 
effects of viscosity and finite sedimentation of the albumin vielded the linear relation- 
ship shown here. These data indicate a virus particle density of 1.133 under the 
conditions of the experiment. The closed circles represent the results obtained 
immediately after preparation of the virus-albumin mixtures; the open circles, the 
results for the same mixtures after 24 hours. 


of systematic influence of time, and the straight line shown was con- 
structed through all of the points by the method of least squares. The 
results reveal no evidence of any consistent deviation of the points from 
the linear relationship. It may be seen that the accuracy of repeated 
estimates on a given preparation is definitely greater than that from 
preparation to preparation, as judged from the closeness of points to each 
other and to the line. Residual weighing errors may account for this. 

The sedimentation rate of a particle is determined by the strength of the 
acceleration field in which it lies, by the increment of unbalanced mass 
after buoyancy allowance has been made, and by the frictional resistance 


* The assumptions involved in these corrections lead to errors smaller than the ran- 
dom errors of the experiments. 
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tosedimentation offered by the fluid through which 
The sedimentation constant, as defined by edberg 
is the sedimentation rate corrected to the demsity and of 
0° (Soe). These corrections are applied as follows 


(F257) 


where the symbols have the following meanings: =», « the vieeaety of «ates 
at the temperature of the centrifuge run: the of water 
2°; n, = the viscosity of the suspending medium at the temeperetuce 
run; p20" = the de ‘Nsity of water at . = the of 
the suspending ti -cel at the temperature of the centrifuge ram. | = the 
partial specific volume of the virus at 20°; 1, = the pewtial epeeitie volume 
of the virus at the temperature of the centrifuge pum. amd S Che 
sedimentation rate. 

This is Convenient form of the equat for the fhret ade | 
the temperature correction tor the viscosity of water fees 
run to run; the second hold the correction for relative of 
solution, which is constant over a fairly great temperatere the 
third hold the correction for buoyancy. The relationship between he 
fundamental quantities influencing sedimentation eam he o 
follows: 

(Particle volume) (py — wR = 
where is the centrifugal field strength; the perticke the 
difference between the density of the virus (po) and that of the etpepertye bing 
medium (p;) is the unbalanced mass: and JS is the frictional rewietance per 
unit velocity dR/dt in the PR direction. If the particle is a ephere. ae wel 
cated by electron micrographs (10), then its volume is known tm ferme of ue 
radius. Its frictional coefficient, according to Stokes. ales 
terms of its radius, r. The relationship (Equation 3) now heeomne. 


AR 
(pe — R = Gen, 


therefore, 


by definition of NS. 
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The linear relationship between »,,S8 and p; or (p, — pe) predicted by 
these equations is borne out in the present experiments, as is shown jp 
Fig. 5. Assuming that particle size, shape, and density of the virus are 
unaltered as the bovine albumin density around it changes (a condition 
suggested but not proved by the linearity of the relationship), the virus 
density calculated from these data is 1.133 for the region under investiga. 
tion. In order to obtain virus particle size, the value of Soo» at infinite 
virus dilution, Fig. 4, is necessary and vields, with appropriate substitution 
in Equation 4, the value of the radius r = 33 & 1077 em., or 33 mu. 

If the virus particle is thought to be composed of a substance whose 
dry density is 1) and some quantity ot water, this quantity can be ealeu- 
lated from Vand p,. The partial specitic volume of the papilloma virus 
determined in previous work (1'1) was 0.754; pycnometric measurements on 
the material emploved in the present studies gave 0.761. When the value 
0.761 is used, the calculated amount of water associated with the virus 
particle is 58 per cent by volume, or 1.04 gm. of water per gm. of dry 
virus. Ii the liquid part of the sedimenting virus unit is not water but 
buffer salt solution (p = 1.0083), the value is 59 per cent by volume. 


DISCUSSION 

In the present studies, the sedimentation velocity of the papilloma virus 
in bovine serum albumin solutions, corrected for known conditions of the 
experiment, was tound to be related in a linear fashion to the density of 
the suspending albumin solution. With the data thus obtained, the density 
of the virus particles was found to be 1.133 in the region investigated. 
With respect to the character of the relationship between density of the 
suspending medium and the sedimentation velocity of the virus, the results 
with the papilloma virus were analogous to the findings with influenza 
viruses A and B and the swine influenza virus (5, 6). In the work with 
the papilloma virus, greater accuracy in estimating sedimentation velocity 
Was necessary in order to attain a comparable degree of precision in the 
final value of density because the slope of the line, nS versus (p,» — pr), for 
the papilloma virus is less than the analogous slopes for the influenza virus. 
The smallness of size and the relatively great density of the papilloma virus 
account for this and necessitate the weighing of samples and correction for 
appreciable sedimentation of the bovine serum albumin itself. 

The density value, 1.133, considered with the partial specific volume 
0.761, reveals the presence of a large amount of water associated with the 
papilloma virus particle, and the diameter of a spherical particle of this 
sort (10), 66 mu, is much greater than the size, 44 my, observed from elec- 
tron micrographs (10). Removal of the 58 per cent water, if it were at 
companied by 58 per cent shrinkage in the volume of the particle without 
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change in shape, would reduce the diameter of the particle to (8 ame Tie 
significance of such a value, however, is questionable, for the eheweage. « 
any, might not be as much as 58 per cent. In the initial meaenrememt« © 
electron micrographs it was realized (10, 12) that the waleee fee tie 
ameter might be low because of the obvious diffuses: 
It is possible that the difference between the values 6) amd £4 be 
associated with both difficulty in measurement im eleetrom eerste 
and shrinkage of the particle on drying. No heem 
shrinkage of bacteria (13), but the diameters of influemae 
observed in electron micrographs (6) are generally 
those calculated from observed density and det. 
In previous work (11) direct measurements were mecde om the ete of 
diffusion of a preparation ot papilloma virus wheel wae © 
sedimentation constant of 280 and a crew of 
diffusion constant of the material was 6.5 [0 * Seth 
and Lea (14), in calculations from the above data temgert deere weet Py 
micrographic evidence of the virus particle shape (10). peeedseted (ke © ele 
73.4 mu for the particle diameter and 1.88 gm. of water tm gesceietiem auth 
1gm. of the dry virus. From the data of the presemt work, the dieeeeten 
the particle in aqueous media was 66 my, the of 
1.04 gm. per gm. of dry virus, and the calculated 7 2 
em.” per second. On consideration of the many faetere 
involved, the two sets of data and calculated values are Got Geely © 
consistent. Measurement of diffusion constants, of 
particles, may be subject to considerable variatiom. te 
that small differences in the rate of diffusion of particles the 
size and degree of hydration reflect relatively great diffeeemees 
sze and water content. The same is true, also, for warkathom 
of the sedimentation constant, but measurements of sedimemtiatrem weleets 
for this size range are of far greater accuracy than diffeom meaeseement 
There is reason to believe, however, that the differences between Uke pee 
vious data and those of the present work may refleet, at leaet i@ pert. ae fee! 
variation in the characters of the papilloma virus from ome 
another. It is well to recall that the sedimentation weloeit’ «tudiee of Oe 
previous work (11) were made on twelve different purified wore peers 
tions and that the values observed varied from 266 to 288 abewt & gees 
value of 278.3 Svedberg units. Such variation is well outetde the feet« 
of error of the method of measurement and might be accounted foe ethe 
on the basis, possibly, of dissymmetry in shape or, more probheddw. of the 
amount of water associated with the particle. It ix unlikely Chet the 


chemical constitution of the virus is subject to great differemees. <amee the 
values of dry density, 0.754 for the material of the previous work aad @ Tm 
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for that used here, show small variation. If the papilloma virus is assumed 
to be molecular, variation in experimental data is difficult to explain. Op 
the contrary, variation among living organisms is to be expected. 

The interpretation of the data relative to diffusion, size, and shape of 
the papilloma virus previously obtained (11) obviously was greatly in 
error. These interpretations were based on the judgment that the pre- 
ponderance of evidence then available indicated that the papilloma virys 
was a molecular nucleoprotein. Recent experience in the study of animal 
viruses (12), especially with the electron microscope, renders this position 
untenable at the present time. Electron micrographic studies on the 
influenza (15-17), vaccinia (18), and equine encephalomyelitis viruses (19) 
have revealed variations in structure, shape, or size which definitely remove 
these agents from the category of molecular materials. Because of the 
low contrast in the electron micrographic images of the papilloma virus 
(10), unequivocal evidence of morphological variation in the papilloma 
virus has not vet been obtained. The conclusion cannot be evaded, how- 
ever, that the properties and behavior of the papilloma virus revealed in 
electron micrographs and in the present work are much more closely similar 
to those of the viruses mentioned above and to living matter in general 
than to the characters expected of molecules. 


SUMMARY 


Studies were made on the sedimentation velocity of purified papilloma 
virus in bovine serum albumin solutions of various concentrations and 
densities. The relation of sedimentation velocity to the density of the 
medium was linear in the region studied when suitable corrections were 
made for viscosity of the medium and the sedimentation of the albumin 
molecules occurring in the centrifugal fields emploved. From this relation- 
ship, calculations of the density of the virus particle in aqueous suspension 
gave the value of 1.133. The partial specific volume of the virus material 
studied was 0.761, which is in satisfactory agreement with previous find- 
ings, 0.754. By extrapolation of the linear relationship of sedimentation 
velocity to viggs concentration, the sedimentation constant at infinite virus 
dilution was found to be 297 X 10-%. From the sedimentation velocity 
data and the density of the particle with associated water, the diameter of 
the hydrated spherical particle was 65.6 mp. With the reciprocal of the 
partial specific volume, 1/0.761, as the dry density and the value 1.133 
as the wet density, the amount of water associated with the virus was 
calculated to be 58 volumes per cent, or 1.04 gm. of water per gm. of dry 
virus. The calculated diffusion constant for particles of these characters 
was 7.2 <X 
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A RAPID MICRODETERMINATION OF GLYCOGEN IN TISSUFP 
SLICES* 


By WILLEM J. van WAGTENDONK, DONALD H. SIMONSEN, ann PATRICIA 
L. HACKETT 


(From the Department of Chemistry, Oregon State College, Corvallis 
(Received for publication, November 20, 1945) 


For the quantitative determination of glycogen in tissues a cholee of 
methods is available. Ii the organ under investigation contains no other 
alkali-stable polysaccharides besides glycogen, the quantitative method 
introduced by Bernard (1) and improved by Pfliiger (2) can be used. The 
pulped tissue material is treated with an equal volume of hot 60 per cent 
potassium hydroxide solution and precipitated with a like volume of alee 
hol. The precipitate is washed and the purified residue dissolved in water 
and hydrolyzed in hydrochloric acid. The resulting glucose is then de 
termined by one of the available reduction methods (3-5). S@rensen and 
Haugaard (6) determined the resulting glucose by means of a colorimetric 
method with orcinol. Heatly (7) modified Pfliger’s method so that a« 
little as 1 mg. + 2 y could be determined. After the hydrolysis the re- 
ducing sugar was determined with the method described by Linderstrem- 
Lang and Holter (8). Good, Kramer, and Somogyi (9) abbreviated 
Pfliger’s method, and determined the glycogen after hydrolysis as re- 
ducing sugar by the method of Shaffer and Hartmann (3). Jung (10) 
described a colorimetric method for the determination of glycogen in large 
amounts of liver tissue (10 gm.), in which the color produced with iodine 
used as a measure for the glycogen concentration. In all these methods 
except Jung’s procedure, the glycogen is determined indirectly, and usually 
more than one transfer of the solutions is necessary. 

For some of our studies on the tissue metabolism of guinea pigs deficient 
in the antistiffness factor (11) it was necessary to determine the glycogen 
present in tissue slices before and after the experiment. Since only a 
maxinum amount of 75 mg. of tissue was available for the determination, a 
rapid direct colorimetric method requiring as little transfer as possible 
would be of great advantage. We have developed a micro colorimetric 
method adapted to the Klett-Summerson colorimeter with which the 
glycogen present in slices weighing approximately 50 mg. could be aceu- 
rately determined. Only one transfer is necessary, since the precipitation 


* Supported by grants from the Williams-Waterman Fund of the Researeh Cor- 


poration and from the General Research Council of the Oregon State System of 
Higher Education. 
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of the glycogen and the subsequent developing of the color are carried out 
im the same colorimeter tube. In our hands the method has given goog 
results and satisfactory recovery values could be demonstrated. | 


EXPERIMENTAL 

Reagents 

1. Potassium hydroxide solution, 35 per cent. 350 gm. of potassium 
hydroxide are made up to 1 liter in boiled (CO:-free) distilled water, — The 
solution is stored in a Pyrex bottle equipped with a soda lime tube. 

2. Ethanol, 95 per cent. 

3. Hydrochloric acid, concentrated. 

1. Phenolphthalein, 1 per cent solution in 50 per cent ethanol. 

5. Lugol's solution. 1 gm. of iodine is dissolved in a solution containing 
2.0 gm. of potassium iodide in 20 cc. of water. The solution is kept ina 
well stoppered dark bottle. 

6. Stock glycogen solution. 25 mg. of glycogen! (Eastman Kodak Com- 
pany, White Label) are dissolved in 25 cc. of a 35 per cent potassium hy- 
droxide solution. The solution keeps well if stored at room temperature. 


Method 


A tissue slice (liver, kidney) or muscle strip, weighing from 50 to 75 
me., is dropped into 2 cc. of 35 per cent potassium hydroxide solution con- 
tamed in a 6 inch Pyrex test-tube which is equipped with an air condenser. 
The tube is placed in a boiling water bath and the contents are refluxed 
for 2 hours. At the end ot this period, the digest is filtered through 
etarch-free fiter paper (Whatman No. 41) into a calibrated colorimeter 
tube (lett: Manufacturing Company, Inc.) in which a crystal of potas- 
eum yodide is placed. The residue on the filter paper is washed with 1 
ce. of distilled water. The filtrate is made up to 10 ec. with 95 per cent 
ethano’. | drop of indicator is added, and the contents of the tube are 
thoroughly mixed by lateral shaking. The solution is then neutralized 
with concentrated hydrochloric acid. After the mixture has cooled to 
room tomperature, 1 drop of hydrochloric acid is added in excess to coagu- 
late the glveogen, a process which is completed in about 3 minutes. The 
tubes are then centrifuged for 5 minutes at 3000 R.p.M. in an angle centr- 
fuge. The supernatant liquid is decanted and the precipitated glycogen is 
dissolved in 1 to 2 ce. of warm distilled water. This solution is diluted to 
the 5 ec. mark and exactly 0.05 ce. of Lugol’s solution is added from 4 
micro measuring pipette. The contents of the tube are mixed well by 


' The glycogen used for the standard should be dried to constant weight and its 


purity determined according to one of the standard methods (9). The glycogen 
weed for our standard was 98.4 per cent pure. | 
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inversion and the color is read immediately in the colorimeter equipped 
with a No. 54 filter. The blank reading is given by a solution containimg 5 
ce. of distilled water and 0.05 cc. ot Lugol’s solution. A reading of the 
standard is included in each series of determinations. This standard is 
prepared by diluting 1 ce. of the stock solution with 1 ec. of 35 per cent 
potassium hydroxide solution. This mixture is then carried through the 
same procedure as that described above for the precipitation and color 


600} 
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COLORIMETER READING 


0.25 Ke) 5 
MG. GLYCOGEN 


Fic. 1. Relation between glycogen concentration and colormmeter readenge 
Upper curve, glycogen dissolved in potassium hydroxide solution se the 
lower curve, glycogen dissolved in distilled water. The pornts are averser of tpl. 
cate determinations. 


development in the actual glycogen determination im tissue sleees The 
glveogen content of the sample is calculated from the formulas. 


(reading of sample) — (reading of blank i 
(reading of standard) — ‘reading of blank wemght of sample 


% glycogen = 


or read from the calibration curve. 


Results 


It was found that the colored solution follows Beer's law @ the comeem 
tration of the glycogen ranges from 0.05 to 2 me. per See Feet) A 
lower color density results when the glycogen is dieeolwed @ water ead 
directly treated with Lugol’s solution. Varying concentrations of potas 
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TaBLeE 


Glycogen Determinations at Various Levels of Liver Glycogen 


Liver source Liver | Glycogen found | Glycogen 
me. | me. per cent 
Normal guinea pig 71.6 | 11.69 
72.0 12.31 
80.8 13.59 | 16.8 
104.0 15.10 14.5 
123.9 19.43 
127.0 23.50 16.3 
Guinea pig fasted for 24 44.6 | 0.29 es 
hrs. | 47.7 0.6S 
55.4 | QO.3S | Q.68 
36.2 0.37 0.66 
S1.6 | 0.59 
Mean + standard error... 0.65 + 0.02 
TABLE II 
Recovery of Glycogen Added to Liver Slices 
Glycogen in Glycogen Total glycogen | Glycogen 
Liver tissue | tissue added | found recovered Recovery 
| (a) (db) | (c) | (c — a) | 
Mme. me me Mme. | per cent 
60.8 0.15 1.00 1.10 | 0.95 | 95 
61.4 0.15 1.00 1.07 0.93 | 93 
§2.1 | 0.12 1.00 1.11 | 0.99 | 9g 
(4.8 | 0.16 1.06 1.06 | 0.9] | 9] 
48.6 .12 1.00 1.20 | 1.07 | 107 
81.3 2.90 1.00 4.00 | 1.10 | 110 
7.5 2.45 1.00 3.43 | 0.6 | 98 
06.4 | 0.44 0.50 | 1.00 | 0.56 | 112 
890 0.25 0.50 | O.SO | 0.55 | 110 


suum iodide added to the solution of glycogen in distilled water did not 
increase the color intensity. Only after the glycogen is subjected to the 
alcohol treatment does the color deepen. It is because of this difference 
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in behavior that the stock solution of giveogen 
alkaline solution and that the standard determination 
the same procedure as the glycogen determination Tie 
ence in the intensity of the iodine color of giweogem deealweed mw wo 
compared to glycogen after precipitation with aleohel due 
the inclusion of potassium chloride in the Thee 
should not interfere with the accuracy of the Ole 
amounts of potassium hydroxide, hydrochlome eed amd 
always used in each determination. 

In Table I the concentrations of glveogen im the of om 
stock diet and of guinea pigs which had been foe 
experiment are presented. It will be noted that the «tamed eereee are 


small. 

Tansee 

Comparison of Colorimetric Method with be 

ef 1/ 

Good, Kramer, and Somogy: meted 

Liver Glycogen 
gm. per cent 


Average 3.04 


Glycogen values found with the proposed cammet te 
valid unless satisfactory recovery values of added cam he 
| It can be seen from Table II that the reeowerw of giv 
ranging from 0.5 to 1 mg. are within the experimental errs 

The determination was compared with that Chee! 
and good agreement was found (Table If! 


SUMMARY 


A rapid colorimetric determination of glveowem oe 
scribed. The method makes use of the color praiucedd whem giveogen i 
treated with iodine. Satisfactory recovery values can be obtained  Goed 
agreement exists between the values obtained bw the cetewmeteetios of 


glycogen according to Good. Kramer. and Somogyi and bw the progesaned 
method, 
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STRUCTURAL REQUIREMENTS FOR DIABETOGENIC ACTION 
IN ALLOXAN AND RELATED COMPOUNDS 


By PHIL HARTER HIDY 
(From the Department of Biochemistry, College of Medicrne, ty 


(Received for publication, December 7. 1985 


Investigators have been unable to alter the structure of alleeam without 
loss of diabetogenic activity. Related compounds reported to be wotheet 
action on the islet tissue of the pancreas or on blood eager are eeeeeealie 
acid (1), formylurea (1), formyloxaluric acid (1), parahbame aed (1, 2 
uramil (2), oxaluric acid (1), violurie acid (2, 3), dialurte (1. 9), 
luric acid (1), isobarbituric acid (1), alloxanice (1), 
(1,3), and benzalbarbituric acid (2), 

The purpose of this investigation was to prepare, amd teet fee dahete 
genic action, several compounds not already reported im the literature re 
lated either by structure or chemical properties to alloxan, with the obpeet 
of determining, if possible, the particular portions of the alloxan molecule 
responsible for the diabetogenic action. 


EXPERIMENTAL 


Table I summarizes the materials tested. Sprague-Dawley and Wietar 
albino rats weighing from 120 to 250 gm. were used. Water-«oluble com. 
pounds were dissolved in water; those insoluble in water were either 
dissolved or suspended in propylene glycol. Both subcutaneous and gatra- 
peritoneal injections were tried in.most cases. The animals were kept i 
metabolism cages and were ted a diet of commercial dog chow. All animale 
were observed for a period of at least 5 days after injection and the wrime 
was examined qualitatively (Benedict’s test) for the presence of eo@ar 
Since the purpose of the work was to establish the efficacy of the compounds 
tested in producing a permanent diabetes mellitus, blood sugar determine 
tions were done only when glycosuria developed or when animals appeared 
to be in a condition suggesting hypoglycemic shock. All blood sugar deter. 
minations were done according to the method of Folin and Maleros 


Table II summarizes the results obtained with the compounds lieted ia 
Table I. 


DISCUSSION 


Negative results obtained with sodium mesoxalate, ethy! mesoxslate, aed 
mesoxalamide serve to substantiate the earlier work, mentioned abewe. 
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which indicated that the intact pyrimidine ring is essential for diabetogenic 
activity. 


TABLE I 
Summary of Compounds Tested 


Compound Compound 


tested | Structure tested | Structure 
Sodiumme- NaQOCCOCOONa Benzoylene | O 
soxalate urea (7). | H 
(4)* | | C 
Ethyl me- C:H,OOCCOCOOC.H; 
soxalate ! HC C NH 
(4) | | | 
Mesoxala-  He.NOCCOCONH, HC C 
mide (5) | | ~ 
Ninhydrint O C N 
H 1 H H 
C | 
OH. Mono- | O 
HC C | 
i C alloxan | C 
OH | NCH; 
C | 
H | =C C=0 
O | | 
| N 
Isatin (6) | H ! | H 
C | | 
Dimethyl | O 
HC C=O alloxan | | 
| | (8) C 
HC C =O | | Pa 
N 
H H O=C C=0 
N 
CH; 


* The figures in parentheses are bibliographic reference numbers. 

Kastman Kodak Company. 

Alloxan shares with triketohyvdrindene (10) and isatin (11, 12) the prop- 
erty of oxidative deamination of a-amino acids with the production of alde- 
hydes containing 1 less carbon atom (13, 14). With the idea in mind that 
the actual diabetogenic agent might be one of these aldehydes, ninhydrin 


a 

b 

gl 

Et 
i Mi 
| 
Tr 
Be 
Mi 

Di 

In 

| wi 
| hy] 

the 

pe 
the 
of 
hy¢ 
eley 

per 
hve 

cou 


P. H. HIDY 


and isatin were tested. Ninhvydrin, as expected, prowed het 
blood sugar determinations failed to show any permanent alteratiom of the 
glucose concentration, although a slight transient hyperglyeemin wae meted 
some rats.! Isatin had no activity and did not appear to be toxic om the 


Tasrie Il 
Summary of Experimental Conditions and Results 


No. of 


Compound tested animate | 
me. per ke. per cent 
Sodium mesoxalate | 12 | 30-800°t 1 -5 None 
Ethyl | 3 | 
Mesoxalamide | 12 | 300-600T$ [2.5 -5 
Isatin 60-200t 0.67 
Triketohydrindene | 44 | 35-300" 0.5 5 Slight tet by com 
(ninhydrin) | | wm greater han 
| me. per hile 
Benzoylene urea | 12 | 25-s00°¢| Mild amesthesia, me blend 
| | changes 
Monomethy! alloxan | 200-250T 3 Strong glyeceurta in 


| | all 
Dimethyl alloxan | 150-300" 1-3 Produced death tm owes 
| | me per hele 


teration of eager 


| blood sugar chamgee from 
| me per hile 


* Intraperitoneally. 
t Subcutaneously. 
t In propylene glycol. 


dosages tried. This evidence would indicate that the reactions of alloc 
involving similar oxidations are not responsible entirely, if at all, foe Ohe 


‘It was suggested that injected ninhydrin present in the reactong 
with the Folin-Malmros ferricvanide-cyanide reagent might aecownt fee the 
hyperglycemia. To determine whether this might be 
were run on ninhydrin solutions containing a quantity of eae 
that which would be present in 0.1 ml. of whole blood after the bepeeties of 25 me 
per kilo. Although the route of injection was wae 
the entire quantity might be present in the blood stream after bhowr. Per purposes 
of calculation, a blood volume of 50 ml. per kilo was used Sueh “uantities of nen 
hydrin gave a blank color equivalent to about 16 mg. per cent of sugar. The evereue 
elevation of the blood sugar of seven rats | hour after injecting 36 me. of siahwders 
per kilo was 42 mg. per cent. It is felt that although the suggested reaction of aes 
hydrin with the Sugar reagent might account for a small part of the rime seted 
could not represent more than a few per cent of the increase 


| 
a 


310 DIABETOGENIC ACTION OF ALLOXAN 


diabetogenic activity of that compound. The fact that dialurie agid j, 
incapable of producing a permanent hyperglycemia (3) may be taken gg 
evidence that, although the oxidizing properties of alloxan do not play a 
direct part in the diabetogenic activity of that compound, at least it js es. 
sential that the molecule be in the oxidized form. 

Seven animals receiving monomethyl alloxan developed a permanen} 
hyperglycemia, while three died. Two of these three were given 250 mg. 
per kilo doses; the other received 200 mg. per kilo. Only one animal sy. 
vived 250 mg. per kilo and at the end of 3 days had a blood sugar level of 
666 mg. per cent. Blood sugar in animals receiving 200 mg. per kilo aver. 
aged 385 + 45 mg. per cent. All these animals excreted acetone and 
acetoacetic acid. After 1 month, all were still excreting large quantities 
of sugar. 

The striking difference in the actions of monomethyl alloxan and di. 
methyl alloxan may be attributable to the presence in the former (and 
alloxan itself) and the absence in the latter of a labile hydrogen atom at- 


O 
C C 
O==C O==C N—CH; 
O=C O==C 
N N 
i 


tached to nitrogen. Migration of this labile hydrogen to the oxygen of 
either adjacent carbon atom produces a compound containing 2 nitrogen 
atoms of differing basicity. Benzoylene urea, in which a similar system 
exists in regard to the nitrogen atoms, failed, however, to produce any 
changes resembling diabetes. 
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These pieces of evidence are particularly interesting im view of the feet 


that the only other compound at present recorded in the literetare ae pee 


sessing a selective necrotizing action on pancreatic islet thewe « 2 pacety! 


() a NCC TE), 
n+ 


CH; Cr 


aminostyry!)-6-dimethylaminoquinoline methochloride (15), in whieh 2 
nitrogen atoms of different basicity are joined by a system of conjugated 
double bonds. 


SUMMARY 


have been tested for diabetogenic action on white rats. 


Eight compounds related by structure or chemical reactions to allexam 


Monomethy!] alloxan is capable of producing experimental diabetes mell- 


tus in white rats; neither dimethy] alloxan nor any of the other compounds 
tested was diabetogenic. 


for diabetogenic action has been discussed. 


soo hoe 


Bo 
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ON THE DETERMINATION OF PLASMA IODINE* 


By ALVIN TAUROG anp I. L. CHAIKOFF 


(From the Division of Physiology, University of Californma Medical Sehow 
Berkeley) 


(Received for publication, December 3, 145) 


During the past few years several methods tor the estimation of mere 
amounts of iodine in biological materials have been developed. After (he 
testing of several of these (1-3), the one selected for use im thie labeorstery 
was that published by Chaney in 1940 (3). With a few changes the pee 
cedure was found to vield satisfactory results for the determination of sodium. 
not only in 3 ec. of plasma, but also in small amounts of thyroid tene eed 
in dietary mixtures. 

In the present communication the results of various texts eared of fo 
establish the reliability of the Chaney method as used im thee habewatoee ae 
reported. The isotope of iodine, proved most tseful tm ths 
method. Since its amount is determined only by a red:eeetiee teeaenre 
ment, it provided a convenient and highly specific means for felles vee ts 
behavior of iodine in various steps of the procedure. 

The method has also been employed to compare the plasma tedime levels 
of several comnfon laboratory animals. 


EXPERIMENTAL 


Organic material is digested with a mixture of chromic ame eulfwre act 
a process that oxidizes iodine to non-volatile jodie acid. The latter. 
gether with the excess chromic acid, is reduced with phoephorous aed. aed 
the volatile iodine formed thereby is distilled and trapped im an alkaline 
solution. ‘The iodine is then measured by its catalytic effeet om the reduc 
tion of ceric sulfate by arsenious acid. 

Preparation of Reagents— 

Distilled water. Double distilled water was used in the preparation of al! 
solutions described below. Laboratory-distilled water was redietilled te a» 
all-glass still in the presence of KOH. 

70 per cent sulfuric acid. Sulfuric acid was freed of traces of jedime be 
adding 10 cc. of concentrated HCI to 2 liters of concentrated ulfurte acre 
and boiling the mixture for 1 to2 hours. 195 ce. of the acid were added te 
150 ce. of distilled water. 


* Aided by grants from the Commonwealth Fund and the Cormittee fee Heme ar hy 
in Endocrinology of the National Research Council. 


313 


= 
& 
= 
q 
| 


314 DETERMINATION OF PLASMA IODINE 


0.15 arsenious acid in 1.5 N H2SOs. 3.71 gm. of AseO3 were dissolved 
in a strong aqueous solution containing 2.5 gm. of NaOH. The solution 
obtained was then diluted to a volume of 250 to 300 cc. and neutralized with 
purified concentrated H,SOy. This was followed by the addition of 21 ¢ 
of purified concentrated H.SO,, and the solution made up to a final volume 
of 500 cc. 

Iodide solutions. A KXI solution that contained 10.0 y of I per ce. wag 
freshly prepared every few months and stored in a dark bottle. From jt 
were prepared the dilute standard solutions used in each measurement: the 
dilute solutions were renewed every few weeks. 

50 per cent phosphorous acid. This was prepared by adding 100 ce, of 
water to 100 gm. of crystalline phosphorous acid. The crystalline product 
obtained from the General Chemical Company was tested and found to be 
satisfactory without further purification. | 

The following solutions were prepared in the manner described by Chaney 
(3): 60 per cent solution of chromic acid, 0.1 N ceric ammonium sulfate, and 
1 per cent solution of NaOH. 


Procedure 


3 cc. of plasma were used in all determinations. When total iodine was 
measured, this amount of plasma was added directly to the digestion mix- 
ture. In the determination of protein-bound iodine, the protein of 3 ce. of 
plasma was precipitated with zinc hydroxide as described by Man et al. (4). 
The precipitate was separated by centrifugation and washed two or three 
times with 20 cc. portions of distilled water. 

Digestion—Plasma was digested with a mixture of 25 cc. of 70 per cent 
H.SO, and 2 ec. of 60 per cent chromic acid in a two-neck, 300 cc. round 
bottom flask provided with interchangeable ground glass joints (3). In the 
determination of total iodine, 3 ec. of plasma were added directly to this 
digestion mixture. When protein-bound iodine was measured, the washed 
protein precipitate was first dissolved with 15 ec. of the H,SO, and trans- 
ferred quantitatively with an additional 10 ec. of 70 per cent H.SO, to the 
digestion flask, which already contained the 2 ce. of chromic acid. The 
flasks were heated with 250 watt electric heaters and the contents agitated 
at the start of the digestion. Carborundum chips were found to be quite 
effective in promoting smooth boiling. The digestion was allowed to pro 
ceed until the flasks were fairly well filled with fumes; this occurred, as 4 
rule, 1 to 2 minutes after the onset of fuming. At this point the flasks were 
removed from the electric heaters and allowed to cool. When the digestion 
mixture was sufficiently cool, 15 cc. of double distilled water were added and 
a second digestion carried out, as above, in order to insure the removal of 
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all volatile material which might interfere in the subsequent colomeet me 
determination. 

Distillation of [odine—A special still of the type designed by © hanew we. 
ysed (3). In order to facilitate the removal of the distillate, « lop-coek. a 
described by Talbot et al. (2), was attached to the trap. 

The digestion mixture was allowed to cool and 25 ce. of douthle ceetithed 
wateradded. ‘The flask was then connected with the distillation appareties 
described above and placed on a 350 watt Cenco eleetme heater 

The dropping funnel was now inserted into the side neck of the Meek ame 
3 ec. of phosphorous acid placed in it. 

As soon as liquid began to condense in the trap of the stil, | 2ee of | pes 


cent NaOH were introduced into the trap by way of the comcemeer, whet 


was adjusted to permit delivery into the trap. ‘The comcemeed 
well as the NaOH served to seal the trap, and as soon as this ceemrmed the 
phosphorous acid was added slowly from the dropping fummel. 1 wae feeme 
advisable, as suggested by Chaney (3), to blow the acid inte the Meek = 
order to prevent loss of iodine by way of the stop-cock of the drogen 
funnel. For the first 30 seconds the condenser was turned to permet he 
condensate to enter the trap, a procedure that served to colleet un Che team 
iodine that may have reached the condenser during this imterwal The 
condenser Was then adjusted so that the condensate returned to the heelg 
flask. The distillation was found to be complete in 5 to 7 mumetes. Ohe 
standard procedure adopted in all determinations was to distil for 7 mumetes 
At the end of the distillation period the contents of the trap were rom 
through the stop-cock into a graduated 15 cc. centrifuge tube. The ete! 
was washed with a minimum of water; the total volume of distillate plese 
washing usually amounted to 13 to 14 ee. 

Colorimetric Determination of Iodine—The determinations were carned 
out with a Klett-Summerson photoelectric colorimeter with the blue filter. 
No. 42. 4 cc. aliquots of the distillates were taken for the determination 
To these were added 1 ce. of distilled water, 0.4 cc. of arsenious acid reagent. 
and, at a specified interval before the colorimetric readings were to be made. 
0.3 ce. of ceric sulfate reagent. 

Two blank samples were digested and distilled with each set of determ: 
nations for the preparation of the standard curves. The distillates from 
such samples were assumed to contain all the contaminating iodine present 
in the reagents as well as me substances which might affect the course of 
the colorimetric reaction. | The two blank distillates were pooled and 4 ee. 
aliquots delivered into each of five colorimeter tubes. To each tube was 
then added 1 ec. of one of the dilute standard iodide solutions that contained 
amounts of iodine varying from 0 to 0.10 y. Each tube thus served ae « 
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single point for the standard curve. These standard samples were equal ip 
volume to the unknown and had been obtained by treatment similar to that 
of theunknown. In this manner the standard curves were corrected for the 
reagent blank. Standard curves obtained on different days usually agreed 
within 10 per cent. 

After the addition of 0.4 cc. of arsenious acid reagent to all samples, the 
colorimeter tubes were placed in a suitable rack and transferred to a bath 
maintained at 30° + 0.1°. Since the color to be measured changes rapidly 
with time, it was necessary to read the color of each sample at a definite 
interval after the addition of the cerie sulfate. 0.3 cc. of ceric sulfate reg. 
gent was added to each tube at intervals of exactly 30 seconds. The ceric 
sulfate was accurately delivered by means of a syringe-pipette of the type 
described by Chaney (5). This interval allowed ample time for each tube 
to be shaken thoroughly after the addition of the ceric sulfate. Colorimetric 
measurements of each sample were made at exactly 10 and 20 minutes 
after the addition of the ceric sulfate. It was found convenient to read 
twenty tubes at one sitting; the 10 minute reading on the first tube was made 
immediately after the addition of the reagent to the last tabe, and the 2 
minute reading on the first tube immediately after the 10 minute reading 
on the last tube. | 


Test of Method 


The protocol of a typical experiment with rat plasma is shown in Table |. 
Duplicate samples were taken from each distillate of plasma. The data 
show good agreement between the duplicate samples. The standard curves 
plotted from the data in Table I are shown in Fig. 1; for each plasma distil- 
late the iodine values obtained by means of the 10 minute curve agreed very 
well with the values obtained from the 20 minute curve. The average oi 
the two values was used in calculating the micrograms of iodine per 100 ee. 
of plasma. 

Recovery of Added Iodine—In Table II are recorded the results of experl- 
ments in which the recovery of added iodine was determined with the aid of 
radioactive iodine (I). Radioactivity was measured by a scale of 8 
Geiger-Miller counter. In Experiment 1 radioactive iodine! containing no 
measureable amount of I’ was added to 3 ce. of rat plasma before digestion; 
the recoveries of the added radioactivity ranged from 87 to 90 per cent. In 
Experiments 2, 3, and 4 both radioactive iodine (I'*!) and 0.2 ¥ of ['” were 
added to 3 ce. of rat plasma. The average recovery of the [7 was 90 per 


' The radioiodine was prepared by bombarding tellurium with deuterons. The 
sodime separated contained the radioactive atoms plus the unavoidable traces of 
vodine present in reagents and glassware. Neither source of iodine is measurable by 
chemical analysis. 
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cent (84 to 94 per cent), that of the I’ 93 per cent (0 to G6 per cont 
When the amount of I”? added (Experiment 5) was increased to 35 5. ite 
recovery amounted to almost 100 per cent. 

From the results shown in Table [, the method used above for the deter 
mination of plasma zodine yields values that are to Lo per cent low. 
when this method is used only for comparing different samples of place. 
it is safe to conclude that comparisons are accurate to within 5 to LO per 


TaBLe I 
Protocol of Typical Determination of Iodine in Rat Plasme 


Volume of distil- Colorimeter reading 
determination) 10 min. 20 min 10 min ») min 
average erage 
| cc 
0.0 5OO 
0.015 | 490 420 
0.030 | 440 340 
0.060 | 360 220 
0.10 | 260 103 
1 | 12.9 450) 355 
| 450 355 
2 13.9 455 370 
0.027 
450 360 
3 13.3 440 345 
| | 0 080 
| | 445 350) 
| 13.4 455 370 
460 370 
5 13.2 435 335 
430 335 
6 13.3 | 4385 | 345 0.083 


cent. For the determination of samples that contain more than | » of! 


iodine, the values obtained are probably no more than 5 per cent low 


To determine whether this loss of iodine occurred during digestion or 


during distillation, the following experiment was carried out: six 3 ce. peor. 
tions of plasma were added to the chromic acid digestion mixture, and them 
toeach sample was added 1 cc. of a solution containing radioactive jedine 
([*), These six samples were digested as described above. Two other 
| plasma samples were first digested and 1 ec. of the L'* solution adeed there. 
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after. All samples were then made up to a volume of 2000 cc., and 1 ¢¢ 
aliquots were taken for the determination of radioactivity. The amounts 
of the added radioactivity recovered in all eight samples were practically 
identical. This indicates that little, if anv, loss of iodine occurs during 


10 Minutes 


COLORIMETER READING 


20 Minutes 


3 
_8 


100 | 
© O02 0.04 0.06 0.08 0.10 
MICROGRAMS 


Fic. 1. Standard curves for plasma iodine determination 


digestion and that the low values for plasma iodine referred to above result 
from a loss of iodine during the process of distillation. 

The form in which the iodine volatilizes after iodate is reduced with phos- 
phorous acid is not known with certainty. It is conceivable that the iodine 
might volatilize either as I, or as HI, or possibly in both forms. It was 
found here that, when radioactive iodine in the form of zodide was added 
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together with the phosphorous acid to a sample of digested orgame matertal. 
the radioactive iodine was recovered almost quantitatively im the dietilete 
This observation is in agreement with the results of Fashena and Treworrew 
(6), who reported that iodide added after reduction with phowphorous ae! 
ean be recovered in the distillate. These findings provide reasemalle eo) 
dence that it is not necessary to reduce iodate only as far ae [, om order to 


TaBLe Il 


Recovery of Added Radioactive and Chemical lodim 


lodine added Iodine found 
Sam-| Iodine as Kl in destillate 
ple initially’ 


geri- Material to which iodine 


ment was added present 
| counts pee 
Sl? 
itt 3cc.rat plasma | | 0 ISS 
0 | 206 170 
0 | 206 im 
1 0.107 (0.20 | 197 (0.275 | 182 0.168 St 
| 3“ 2 10.107 |0.20 | 197 0.279 | 178 (0.172 
0.107 (0.20 | 197 0.296 189 0.189 OF 
3% “ 1 (0.098 (0.20 | 150 (0.285 | 139 0.187, 96 
3% 2 10.098 10.20 | 150 (0.283 | 141 0.185 | 
| « 3 10.098 10.20 | 150 0.270 | 141 0.172 SB | 
5¢ 200 mg. wheat | 1 5.0 | 197 
| 2 5.0 | 197 14 
13 5.0 | 197 1%) 


Each of Experiments 1 to 4 was carried out on a single pool of plasms 

t Only radioactive measurements were made in Experiment | 

{The wheat was iodine-free. 


recover it quantitatively in the distillate. In the above experiments tedicde 
as such (most probably as HI) was volatilized. 

Separation of Inorganic Iodide from Protein-Bound lodine of Plaeme—te 
order to test the separation of inorganic iodide from protein-bound jodie 


* The term ‘‘protein-bound”’ refers to iodine that is precipitated along with pee 
tetas and that cannot be freed from the precipitate by washing with distilled water 
It should not be inferred, however, that the iodine containing compound of com 
pounds of plasma are necessarily bound to the protein molecule by peptide linkages 


ce, 
Nts 
ng 
| 
| 
} 
as ud 
* 


320 DETERMINATION OF PLASMA IODINE 


TABLE III 


Separation of Inorganic Iodine from Protein-Bound Iodine of Rat Plasma 
For a description of the experiment see the text. 


addition of iodide addition of iodide 

| y | y per 100 cc. Y per 100 ce. 
| 1.0 | 3.2 3.2 
| | 3.4 3.3 

4.1 

| 0.5 3.9 4.3 
| | 3.1 4.7 
| | 4.9 
3 1.0 | 3.5 | 3.7 
| | 4.5 
| 3.7 
4 1.0 3.0 | 4.3 
a4 | 4.5 
3.0 | 4.1 


* Lach experiment was carried out ona single pool of rat plasma. 


TABLE IV 


Protein-Bound and Total Iodine Levels in Plasma of Different Species 


Animal Condition of animal | odin 
y per 100 cc. | y per 100 ce. | me, 
Dog Postabsorptive | 2.8 | 36 | 10- 15 
| 10- 15 
10- 15 

Chicken : Postprandial 3.6 | 8.4 90-100 
3.8 | 6.4 90-100 
“ | 3.3 | 90-100 
Mouse ie 3.8 4.5 2- 3 
| 3.8 2- 3 
Rat Postabsorptive 3.5 3.5 ~ 4 
3.4 3.3 3- 4 
3.5 3.3 a- 4 

Human ” | 5.8 7.6 

| 5.7 7.4 

5.5 5.9 

| 7.8 6.7 

| 6.8 1.2 


| 
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of plasma, either 1.0 y or 0.5 y of iodine in the form of KI (each eomtained 
in a volume of 0.1 cc.) was added to each of several 3 cc. saeuplee of rat 
plasma. Each experiment (Table II1) was carried out on « single peel of 
plasma obtained from several rats. The proteins in these samples were 
then precipitated with zinc hydroxide and separated by centrifegetios 
The precipitates were then washed three times, each with 2) ce. of dietilled 
water. The values obtained for the protein-bound jodine of these plese 
samples were compared with samples of the same plasma to wheel Se see 
ganic iodide had been added. The data recorded im Tale ILE ehew thet 
three washings of the protein precipitate removed moet of the ached wells 
However, a small fraction of the added iodide probably remnaumed te the 
protein precipitate, which would account for the somewhat higher wales 
observed for protein-bound iodine in the presence of added teeegmmbe peclehe 


lodine Content of Plasma 


The total and protein-bound plasma iodine of rat, chew. 
and man was measured by the procedure desenbed abowe. Che are 
corded in Table LV. The values recorded for the daily roline of 
animal were based on an iodine analysis of their diet. 
ences in the levels of total iodine in plasma, the values obtained fee peetess 
bound iodine of plasma of dog, rat, mouse, and chicken were qeete eter 
The values for protein-bound iodine of human plasma, however, sere apmee 
ciably higher than those of the other species. 

Although it was shown above that the Chamew fee 
plasma iodine that are about 10 to 15 per cent low, the walees reeeeded 
Tables I to [IV have not been corrected for this error 


DISCUSSION 


Parts of the Chaney method for determining hewe bees 


selected for use by other investigators (2,7-0). Talhet 2 
the Chaney still, but combined it with a permangamete-ceheme peeeedeee 
and a photoelectric determination of a starch-todime eolee Salter of 


(7, 8), on the other hand, made use of the ceric ulfate-arsemeeee aed eater 
metric reaction, but introduced a dry ashing procedure pleee ef wot 
ashing and distillation employed by Chaney. Leim 
ceric sulfate-arsenious acid reaction in the determumat hem of 
iodine. 

Salter and McKay (7) have discussed the factows thet the cate 
at which iodide catalyzes the reduction of cere home by 
Since the reaction is sensitive to the presence of extraneous materiale cope 
cially mercury and osmium), it would seem, frome sem! 
at least, that the dry ashing procedure introduced by Salter amd Me Kes 
would not be as satisfactory as a wet ashing procedure comeleeed with « 
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distillation, as described by Chaney. A distillation would be expected to 
free iodine more effectively from non-volatile contaminants that interfere 
in the colorimetric reaction. | 

Salter and McKay report that, ‘“The surface of the colorimeter tubes 
should be kept equilibrated with the reaction medium until just before use. 
Otherwise apparent loss of iodine will occur.”? This difficulty was not en. 
countered in this laboratory. Thorough cleaning of the colorimeter tubes 
with chromic acid immediately before use was found sufficient for good results, 

Chaney (3) reported that he had encountered a batch of phosphorous acid 
with which he obtained poor recoveries of iodine. In such eases he found 
that the recoveries could be improved if hydrogen peroxide was added after 
the phosphorous acid in the distillation. It was found here, however, that 
the addition of hydrogen peroxide was frequently followed by the appear- 
ance of a slight green color in the distillate, apparently indicating the 
presence of chromium. This color was not present when hydrogen peroxide 
was omitted. Since the recoveries of radioactive iodine were not decreased 
by the omission of the peroxide, its use was discontinued. 


We are indebted to Dr. A. L. Chaney of the Los Angeles County Hospital 
for valuable advice rendered during the course of this work. 


SUMMARY 


1. The Chaney method for the determination of plasma iodine has been 
tested with the aid of radioactive iodine (I'*'). Data: on its reliability are 
presented. The method was found to be satisfactory for the determination 
of the total or the protein-bound iodine contained in 3 cc. of plasma. 

2. Values for total and protein-bound iodine of plasma of several species 
are reported. The levels of protein-bound iodine in the plasma of dog, rat, 
mouse, and domestic fowl were found to be quite similar (3 to 4 y per cent). 
The amounts contained in human plasma were appreciably higher (5 to 8 


per cent). 
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THE DETERMINATION OF THY 
THYROID GLAND OF THE HAT* 


By ALVIN TAUROG ano L. 


(From the Division of Physiology, l nine af Calilerme ih 
(Received for publication, 


Most procedures used for the separation of freee 
containing compounds of the thyroid gland are em (he meet 
of Harington and Randall (1) or that of Leland amd Poetee 2 Ba te 
former the thyroxine is separated trom ditodoet by 
slightly acid medium, whereas in Leland and Foster's method thyreeme & 
extracted with buty] alcohol from an alkaline 
Leland and Foster observed that their method 
forthe thyroxine content of thyroid material than ced the meethee! of 
ton and Randall; they attributed this to the presence om 
the acid-insoluble fraction. 

Blau (3) modified the method of Leland and Foeter bw elpeetum the 
alkaline hydrolysate to pH 3.5 to 4.0 before its ext pet pom woth) 
The thyroxine values obtained by this modifeatrom are te pew 
higher than those obtained by the original Leland amd Powter muetheed. heer 
still much lower than those obtained by the acid preenptatrem Peeeeore 
Harington and Randall (4). 

The methods referred to above were designed for the amalwese of peleticets 
large amounts of thyroid tissue. Foster (5) subeequemtiv echepted he 
butyl alcohol extraction procedure for the determination of the thyrecdne 
content of the guinea pig thyroid. In the present & 
cation of Foster’s method is described. Data on the thyrenime 
the rat thyroid are also presented. 


EXPERIMENTAL 


Hydrolysis of Thyroid Tissue—Rats weighing 200 to 300 gm. were ance 
thetized with nembutal and thoroughly bled. The thyretd hemes were 
then rapidly excised, weighed, and transferred to 15 ce. gredeated eomtrtfees 
tubes. 1 ec. of 2N NaOH was added to é@ach tube and the hwelrelwele ear 
ned out ina steam bath. The tubes were placed in rack meade te 
the hole of a steam bath; the lower half of each tube was im dieeet eomtact 
with steam. Dnring the first 10 minutes the tubes were ceeastomally ehakes 
until solution of the tissue occurred. They were them cowerwd with) eles 


* Aided by grants from the Commonwealth Fund and the Coenmittee fcc Me 
search in Endocrinology of the National Research Counei! 
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bubble stoppers and the hydrolysis allowed to proceed for about 15 hour. 
The flow of steam was adjusted to permit only slight evaporation o 
liquid. 

Butyl Alcohol Extraction—The hydrolysates were neutralized by dropwise 
addition of 6 N H.SO, and brought to pH 3.5 to 4.0, brom-phenol blue being 
used as an external indicator. 2 ce. of butyl alcohol were then added to 
each tube, the tubes tightly stoppered with rubber stoppers previously 
soaked in butyl aleonol, and their contents thoroughly shaken. The rubber 
stoppers were then removed, washed with 1 to 1.5 ec. of butyl alcohol, and 
the two phases in the tube separated by centrifugation. The butyl alcohol 
layer Was withdrawn into another 15 cc. graduated centrifuge tube with the 
aid of a fine capillary tube and suction. The clear aqueous layer that re- 
mained wes extracted a second time with 1.5 ec. of butyl alcohol. After 
centrifugation the second butyl alcohol extract was withdrawn into the tube 
containing the first extract. Thus both butyl alcohol extracts, the total 
volume of which did not exceed 6 to 7 ec., were now contained in a single 
centrifuge tube. An equal volume of 4 N NaOH containing 5 per cent 
NaeCQ, (3) was added to the butyl alcohol extracts, and the mixture thor- 
oughly shaken. The two layers were separated by centrifugation. The 
upper butyl alcohol layer was drawn off into another 15 cc. centrifuge tube, 
extracted again with 5 ec. of the 4 N NaOQH-5 per cent NasCQs; solution, and 


two layers separated by centrifugation. The butyl] alcohol laver, which 


now contains only thyroxine, was drawn off with suction into the two-neck 
digestion flask for the determination of its iodine content. The three 
aqueous phases derived from each sample were combined for the determina- 
tion of non-thyroxine iodine. 

Determination of Iodine—The butyl alcohol in the two-neck flasks was 
removed under reduced pressure in a water bath at 50 to 60° in a stream of 
CQO,. By this procedure this extract was brought to dryness. It was found 
essential to remove completely the butyl alcohol, since only a small amount 
of residual alcohol will reduce the chromic acid used in the subsequent 
digestion procedure. To the residue were added 25 ec. of 70 per cent 
H,SO, and then 2 ec. of 60 per cent CrO ; solution. It was olserved that 
unless an appreciable amount of organic material was present during the 
digestion, the recovery of iodine was frequently very low. Hence before 
digestion of both thyroxine and non-thyroxine fractions, approximately 100 
mg. of iodine-free wheat were added to each sample. Without any other 
modifications than the above, the digestion and distillation of the samples 
were carried out exactly as described for plasma in the preceding paper (6). 
The distillates were usually made up to a volume of 25 or 50 ec., and | or 
2 cc. aliquots used for the colorimetric determination. Equal aliquots from 
4 blank distillate were added to each of the standard samples used in the 
preparation of the standard curve. 
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For the determination of the iodine content of the mom-thwretuee (eects 
a2or3 cc. aliquot was usually taken from the combuned plese. 
This was added to a mixture of 100 mg. of iodine-free wheat, 260 of Ty 
per cent HSO,, and 2 ec. of chromic acid in the two-neck digestion tack 
Digestion, distillation, and colorimetric determination were carred ert 
exactly as described above for thyroxine iodine. 


Test of Method 


Recovery of Added Thyroxine and Diiodotyrosine— | em. of deed detatted 
rat muscle was hydrolyzed with 80 ce. of 2N Natl on a steam hath foe iS 


Separation of Thyroxine and Diiodotyrosine Added to Kat 
Thyroxine iodine Diiodotyrosine lodine recovered in thytoume tecov ered 
added* iodine addedt fraction 
Y per for ome 

5.65 12.2 4.W 
5.65 12.2 5.05 
5.65 12.2 5.35 Os 
5.65 12.2 4.09 m4 
3.26 6.25 2.00 
3.26 6.2S 2.85 6 
3.26 | 2.60 

0 | 6.25 
4.73 11.3 4.35 2 
4.73 11.3 4.15 
4.73 11.3 4.15 
4.7 | 11.3 4.15 m5 
4.73 0 4.00 

4.7 0) 3.80 ~) 

0 | 11.3 0.1 9.7 . 
0 | 11.3 0.2 


* Crystalline thyroxine from E. R. Squibb and Sone wae weed. 
was taken as 65.3 per cent. 

t Diiodotyrosine dihydrate from the Amino Acid Manefectqrme, © keemetes Die 
partment, University of California at Los Angeles wae weed. [te wae 
taken as 54.2 per cent. 


hours. The mixture was then filtered. Known amouwnte of thyrecne ane 
diiodotyrosine were added to the filtrate, and | ce. albquete of the 
subjected to the separation procedure described abowe. ‘The ewalte of 
several experiments are recorded in Table I. 

When both thyroxine and diiodotyrosine were added to 
sate, the recoveries of thyroxine iodine amounted to ST per cemt | average 
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Slightly lower recoveries were observed when only thyroxine was added 
These findings suggest that the separation procedure does not prevent 
small fraction of the diiodotyrosine from appearing in the thyroxine 
fraction. 

The low_recoveries shown in Table I must be due in part to the method 
used for the iodine determination, which, as noted in the preceding paper, E 
yields values that are about 5 per cent low. Even if the procedure for 
separation described here were free of error, the recoveries of added thyrox. 
ine and diiodotyrosine would probably not have been higher than 95 per 
cent. Since the recoveries of thyroxine found here amounted to 87 per cent 
(average), a loss of 5 to 10 per cent is probably encountered in the separation 
procedure. 

Loss of Thyroxine during Alkaline Hydrolysis ‘land and Foster (2) 
observed that only 83 per cent of the thyroxine added to a sample of thyroid 


TABLE II 
Breakdown of Added Thyroxine during Hydrolysis of De cated h yroid uw vith 2 IN NaOH 


Thyroxine 
Sample No. | thyroid iodine Thyroxine | Thyroxine Recovery of added thyroxine sae 


hydrolyzed initially iodine added* jodine found iodine 
present 


| | 9.1 | 74 
6. 0) 5.7 74 


| 5. | 9.2 3. 74 | 
j 


Whe 
Gr 
ecco 


* Crystalline thyroxine from E.. R. Squibb and Sons was used. Its iodine content 
was taken as 65.3 per cent. 


tissue before hydrolysis with 2 N NaOH can be recovered by extraction with 
butyl alcohol. This suggests that hydrolysis of the thyroid protein with 
2 ~ NaOH destroys an appreciable fraction of the liberated thyroxine. 
Other evidence obtained by Leland and Foster, however (2), showed that 
the amount of thyroxine iodine obtained after hydrolysis of desiccated 
thyroid with 2 N NaOH did not decrease appreciably between 16 and 50 
hours of hydrolysis. These workers therefore postulated that destruction 
of the thyroxine built into the thyroid protein is not nearly so great as the 
destruction of added thyroxine. 

Results similar to those of Leland and Foster were obtained by the fis 
method of hydrolysis and separation used here. The recovery of crystal- 
line thyroxine that had been added to desiccated thyroid before treatment di 
with 2 N NaOH amounted to 74 per cent (Table I1). This value should be C3 
compared with the average recovery of standard thyroxine samples that a 
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Effect of Durat 


Sample No. 


be 


ore 
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Weight of rat* 


Weight of sample 


Thyroxine lodine and Total lodine ¢ 


210 
235 
247 


| Weight of thy- 
i roid glands 


me. 


27 
29 


21 
\7 
30 
17 
20) 
15 
20 


were subjected to the separation procedure iurt meet fa 


9xNaOH. The latter amounted to S7 per cent 
suggest that approximately lo per cent of acdidded te 


ion of Hydrolysis on Thyrorine Let 
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* The diet fed Was sed of 6S.5 per cent W heat, 5 perr certel 


during the hydrolysis with 2 N NaOH. 


fish meal, 10 per cent alfalfa, 1.5 per cent sodium chleride armed on 


However, when samples of dee 


cated thyroid were hydrolyzed for periods varying from 7 to 2) hears. the 
amount of thyroxine found did not decrea: 
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ereased (Table III). This may mean, as Leland and Foster have suggesteq 
that the thyroxine released from thyroid protein during treatment with 
2s NaOH does not react to the alkali in exactly the same manner as added 
thyroxine. 

The work of Blau (4) indicates that the use of 8 per cent Ba(OH),-8H,9 
instead of 2 N NaOH for hydrolysis yields higher thyroxine values when 
butyl alcohol is employed for separation. He ascribes the higher values 
obtained with Ba(OH),. to a diminished destruction of thyroxine. Blay’s 
results were confirmed here, but the thyroxine values obtained with barium 
hydroxide were more variable than those with 2 N NaOH. Hence, 2 y 
NaOH was retained as the hydrolytic agent. 

Analysis of Rat Thyroids—The thyroxine and non-thyroxine iodine of 
thyroid glands of rats fed a diet that contained 0.3 y ef iodine per gm. was 
measured by the separation procedure described above. The results r- 
corded in Table IV show that this procedure yields values for thyroxine 
that are quite consistent. Thus in eleven rats the thyroxine content 
varied from 0.0052 to 0.010 per cent of the wet weight of the tissue. The 
mean value was 0.0072 per cent and the standard deviation +0.0013 per 
cent. Thyroxine iodine as a percentage of total iodine of the gland varied 
from 23 to 30. 


> 


SUMMARY 


A procedure suitable for the determination of 1 to 2 y of thyroxine in 
thyroid tissue is described. 
Data on the thyroxine content of the rat thyroid are presented. 
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of Agriculture, Washington 


(Received for publication, January 26, 16 


Our interest in the physiological relationship that exiete bhetwees 
methionine and cystine in intermediary metabolism led Us to seek 
methods for the determination of these amino acids. C meet) 
ods, if they are specific, offer certain advantages in regard to speed ome 
accuracy, especially if a spectrophotometer is used for eetrmatome the color 
intensities. In a previous communication (1) we presented @ teoclifheatios 
of Sullivan’s colorimetric method for cystine and to he 
spectrophotometric procedure. 

McCarthy and Sullivan (2) in 1941 proposed a colorimetric qeethee fo 
the determination of methionine in proteins, based om the ped ober beens! 
when an alkaline solution of methionine and sodium nit aes! 
ified. They noted, however, that tryptophane and hietidime both 
ared color under similar conditions. They destrowed the Ceeptemheme ho 
acid hydrolysis and stated that the addition of glveime woul! elemmmete the 
color produced by histidine. The experimental evidenee offemed the 
present paper justifies our modification of the MeCarthy- 
and indicates lower values for the methionine comtemt of Proteus es 
those found by investigators who have used the orth 


procedure. 


EXPERIMENTAL AND 


A Coleman spectrophotometer! was used to establieh speetra!l Gee. 
mission curves for the red color formed in the MeCarthy-Sellbeam teet foe 
methionine (Fig. 1). These curves show that 510 mu ie the wave 
minimum transmission. The solutions from which Curve | wae ofteiesd 
had an excess of methionine, whereas the solutions from whiely Cuese 
2,3, and 4 were obtained had an excess of sodium nitrommmeede ff & 
observed from the relative position of these curves that the excess socfeem 
nitroprusside absorbed light and this absorption somewhet the 
shape of the curves. However, in no case Was the minineunn Cramersbetes 


This is the eighth in a series of papers on amino acids im staple feooes 
1 
All measurements of color intensities reported in this Paper were Gaede woe o 
Coleman spectrophotometer, model 10-8, with a monochromator elit ot T4 ie wi! 
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shiited from the 510 my wave-length. Glycine was not added to the test 
solutions used in these experiments and the spectrophotometric readings 
were made against a blank? of distilled water. 

Aiter the wave-length of minimum transmission was determined, , 
calibration curve was established over a range of 0.25 to 1.5 mg. of methj. 
onine with 20 mg. of sodium nitroprusside and 10 mg. of glycine with the 
other reagents necessary for color development (Fig. 2, Curve 2), This js 
the procedure of McCarthy and Sullivan (2), except that the quantity oj 
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Fig. 1. Spectral transmission curves for the red color formed in the MeCarthy- 
Sullivan test for methionine. Curve 1, 10 mg. of methionine and 2 mg. of sodium 
nitroprusside in the reaction mixture; Curve 2, 0.5 mg. of methionine and 10 mg. oi 
sodium nitroprusside in the reaction mixture; Curve 3, 0.5 mg. of methionine and 2) 
mg. of sodium nitroprusside in the reaction mixture; Curve 4, 0.5 mg. of methionine 
and 30 mg. of sodium nitroprusside in the peaction mixture. 


sodium nitroprusside and the concentration of the acid and alkali recom- 
mended by Hess and Sullivan (3) were used. Hereinafter this will be 
referred to as the MeCarthy-Sullivan-Hess procedure. The calibration 
curve developed by this procedure did not show a straight line relationship 


? Throughout this work all spectrophotometric readings were made with blanks 
of distilled water rather than with such blanks as McCarthy and Sullivan (2) recom: 
mended. Neither of these blanks is perfect, because the same error may be intro- 
duced into the determination by either of them; namely, the possible effect on the 
development of the methionine color caused by the other amino acids which are 
present in all protein hydrolysates. 
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between per cent transmittance and the quantity of 

As sodium nitroprusside is the color-developing reagent, © 
to have a suitable quantity of this reagent in the test solutiome Met ertiey 
and Sullivan (2) used 30 mg. of this reagent, which wae later chemged be 
Hess and Sullivan (3) to 20 mg. No reasons were givem get few 
selecting these quantities or why 20 mg. were preferable to some 
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METHIONINE (Mgs) 
Fic. 2. Spectral transmission curves showing the effect of the of 
toablank. Curve 1, 20 mg. of sodium nitroprusside in the 
2, 20 mg. of sodium nitroprusside and @0 mg. of glycine im the seaetiem Geter. 


of our preliminary experiments, in which different quantities ef soci 
nitroprusside were added to solutions that contained an excess of meet hvemtme 
but no glycine, a stoichiometric relationship between the eeagemt eed 
methionine was indicated (4). The results in Table | shew Chet « sole 
tionship of approximately 2:1 exists. We found that the steteheeesete. 
relationship of 2:1 is no longer valid when glycine is added to the seeetes 
mixtures (see Table II). This finding prompted us to inweetiqnte @ ete! 
the réle of glycine in the McCarthy-Sullivan reaction 

The transmission curves in Fig. 3 show the effect of the addities of hyo. 
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to a blank that contained 20 mg. of sodium nitroprusside. The blank thg 
contained no glycine shows at 510 my a transmission of 65 per cent, whereas 
the one that contains glycine has a considerably higher transmission of & 


per cent. 
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Fic. 3. Spectral transmission curves showing the effect of the addition of glycine 


to the reaction mixture containing sodium nitroprusside. 


Curve 1, 20 mg. of sodium 


nitroprusside in the reaction mixture; Curve 2, 20 mg. of sodium nitreneulls and 
10 mg. of glycine in the reaction mixture. 


TABLE I 


Experiments tn Which Excess Methionine (10 Mg.) Was Used to Demonstrate 
Stoichiometric Relationship between Sodium Nitroprusside and Methionine 


oe Methionine that reacted Ratio of sodium 
Sodium nitroprusside Transmission with nitroprusside to methio- 
sodium nitroprusside* nine that reacted 
me. per cenit me. 
2 28.1 0.97 2:0.97 
3 | 16.0 1.47 2:0.98 


* The methionine values were obtained from calibration Curve 1, Fig. 2. 


The addition of glycine to the reaction mixtures which contained meth 
onine likewise resulted in a considerable increase in transmission. For 
example, a transmission of 22 per cent was obtained for 1 mg. of methionme 
with 20 mg. of sodium nitroprusside and a transmission of 27 per cent 
with 10 mg. of glycine added. This increase in the transmission at first 
was thought to be caused only by the reaction between the glycine and 
the excess sodium nitroprusside. 


However, further investigation rev 
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that glycine also decreased the red color produced by the teethenw. 
nitroprusside reaction. Comparison of Experiments | and 2 Tolle ff 
shows that the addition of glycine caused a 74 per cent loss im the meet hpememe 
value. In these experiments the methionine and sodium nit rope wer 
present in the reaction mixture in stoichiometric quantities However 
the addition of glycine caused only a small change in transmmeom whee 
excess of either methionine or sodium nitroprusside was preeemt om ie 


TaBLe II 
Effect of Glycine on Methionine-N itroprusside Reaction 


Quantities used 
Methionine | Glycine . 

me. me. | me. per cent mi 

4 | 3 «10.0 10 1.35 — Ot 


*The methionine values were obtained from calibration Curve |. Fie 2 te Be 
periment 4 the quantity of nitroprusside in the reaction mixture 
for the ‘found methionine” value. 


TaB_Le III 
Errors Caused by Addition of Histidine to Test Solutions Containing Methiomsne 
MeCarthy-Sullivan-Hess procedure used. 


Added histidine 0.5 mg. methionine mg. met 
mg. | per cent per 
0.4 | +10 


1.0 +43 


reaction mixtures (Experiments 3, 4, and 5). The common ion effeet & « 
plausible explanation of this phenomenon and a slight excess of sodiem 
nitroprusside in the reaction mixture is apparently an advantage. 

The results in Table III indicate that glycine is not effective in dixehars 
ing all of the histidine-nitroprusside color when there is as littl ae O4 
mg. of histidine present in the reaction mixture. It is also showm thet 
when the quantity of methionine in the reaction mixture is comstamt the 
percentage error increases as the quantity of histidine is increased. \e 
cordingly, because of the error caused by the presence of histidine. there 
reason to believe that the actual methionine values of protein hydrolyeates 
are lower than those obtained with the McCarthy-Sullivan-Hess procedure 
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It is evident that histidine, the added glycine, and the other amino agig 
in the reaction mixture are the factors that influence the methionine. 
nitroprusside reaction. Therefore, the most desirable approach to the 
problem would be to separate methionine from the other constituents oj 
protein hydrolysates. Toennies and Ixolb (5) were able to precipitate 
methionine quantitatively with mercuric salts from a solution that eon. 
tained no other amino acids. We found that, when HgCl. was added tog 
hydrolysate of not more than 40 mg. of casein, methionine was precipitated 
quantitatively at pH 7.5, but some of the other amino acids, including 
histidine, were also precipitated. Thus, precipitation with mercuric salts 
offered no advantage. 

The next attempt was to remove histidine trom the hydrolysate. Phos. 
photungstie acid, the well known precipitant for the basic amino acids, 
was used. ‘The experimental conditions under which the phosphotungstic 
acid precipitation was carried out permitted the complete removal of 
histidine trom the hvdrolvsate without the precipitation of any of the 
methionine. This finding made it possible to perform the nitroprusside 
test for methionine without the addition of glycine. 

The elimination of glvcine should restore the stoichiometric relationship 
that has been shown to exist between nitroprusside and methionine, but 
some amino acids other than methionine in the test solution react with 
nitroprusside and invalidate this relationship. Our results show that no 
specific quantity of nitroprusside is optimum for different protein hydroly- 
sates and widely different aliquots of the same hydrolysate. It appears 
that the requirement for this reagent is to a great extent proportional to the 
amimo acids other than methionine that are left in the test solution. We 
found that when the test solution was limited to an aliquot of the hydrol- 
veate that represented not more than 50 mg. of protein material the use of 
10 mg. of nitroprusside gave the most consistent methionine values. 


The proposed modification of the McCarthy-Sullivan (2) method 1s as 


tollows: 

The proteim material is hydrolyzed in boiling 20 per cent HCI for 24 
hours. The hydrolwsate is cooled and transferred quantitatively to 4 
volometric flask with distilled water. The flask should be of such volume 
that the diluted solution will have an HC] concentration of about 4 to 
percent. This concentration was found to be suitable for precipitation of 
the basic amino acids with phosphotungstie acid. An aqueous solution o 
phosphotungstic acid (1 gm. per ml.) is added dropwise until precipitation 
is complete’ and then a few drops are added in excess. The solution is then 
made to volume with distilled water. It is allowed to stand in an ice water 


( emtmiugation at frequent intervals during the addition of the phosphotungsti¢ 
eed ® Recesmeary in order to determine when the precipitation is complete. The 
vohometme used as the container for centrifugation: 
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bath for 2 hours, after which it is centrifuged and again placed tm the beth 
for } hour before the supernatant liquid is filtered. After the filteete tee 
reached room temperature, an aliquot containing not more therm SO) pee 
of the original protein material is transferred to a 25 ml. volunmetrne Meek 

NaOH (5 N) is added dropwise until the solution turns light 
acid to litmus paper (pli 4 to The solution is then tee 
with distilled H.O, decolorized with 50 me. of carboraffin, amd 

An aliquot of 4 ml. or less of the filtrate is transferred to a large beet tube 

To this 2 ml. of NaOH (5 N) are added and a sufficient quantity of deetilled 
water to bring the volume to 6 ml. Then | mil. of a freshly prepared | 
per cent sodium nitroprusside solution* is added and the tube pleeed m® « 
water bath for 8 minutes at 40°. The tube is then placed im am tee water 


TasBie IV 


Methionine Values Obtained with McCarthy-Sullican Hea 
Proposed Modificat on 


McCarthy-Sullivan-Hees 


Material : Aliquot procedure 
Casein (1 gm., air-dry) 0.56 315 
| 2 1.10 27.4 
One chicken egg 1 0.495 272.0 315 cts 


bath for 5 minutes, after which 2.5 ml. of 20 per cent TLC) are acieheed slew ty 
while the tube is being shaken vigorously. The shaking 
bath until the characteristic red color develops (about | ame 
shaken for 2 minutes at room temperature. Within 4 to 5 geeetee efter 
the addition of the HCl the per cent transmission ame 
corresponding methionine value is read from the 
2, which is prepared according to the procedure deserthed ahewe PP the 
solution becomes slightly turbid after the addition of the EDC) cheat be 
centrifuged before the per cent transmission is deterred 

The data shown in Table IV present a comparison of the peelite of Gite 
estimation of the methionine content of casein and o whole checker eae 
the MeCarthv-Sullivan-Hess procedure ami the 
The methionine values obtained bv the McCarthy -Sulliwam- 
are higher than those obtained by the proposed mocdifiestiom Prete 


‘It IS essential that exactly 1) me. of sodium mit ber 
ion mixture, because this is the quantity used im making the ealshewtiem euewe 
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more, they are not consistent when aliquots of different size are used, |; 
may be observed that the methionine values tor the chicken egg are lowe 


TaBLeE V 


Composition of Protein Preparations 


meee 


Proteins | Moisture | Ash | 
material 
| per cent per cent per cent 
( 7.03 0.25 | 16.07 
(wheat) 7.06 0.60 | 17 .37 
a (wheat) 9.35 0.21 17.14 
Town | 4.69 0.12 15.99 
“55” | 7.56 0.97 17.11 
albumin | 6.05 15.98 
TaBLe VI 
Methionine Content of Some Proteins and Foods 
Methionine found*® — 
Material Trans- Average, Calculated 
in aliquot | | ‘to moisture- 
| Aliquot Material 
me. per cent me. percent per cent per cent 
Casein 12.8) 59.0 | 0.310 | 2.42 | 
25.60 40.2 0.650 2.54 | | 
38.400) 28.50 0.950 2.47 248 
Gliadin (wheat) 25.60 55.5 0.325 1.46 md 
51.20 | 37.2 0.720 1.40 1:43 1.54 
e-Glutelin (wheat) 29.80 | 48.0 | 0.500 1.68 | 
44.70 | 36.6 | 0.735 | 1.64 | 1.66 | 1.81 
Len 25.60 48.0 0.500 1.95 | 
51.20 | 27.6 | 0.950 | 1.85 | 1.90 | 2.0 
Glyecinin “55” 22.8 62.6 0.260 1.14 | | 
| 45.70 | 45.0 | 0.525 | 1.15 {| 1.14 | 1% 
Whole wheat flour | 124.40 | 63.2 | 0.250 | 0.20 | 
186.60 55.5 | 0.375 0.20 | | 
248.80 50.5 0.450 0.18 0.2 0.22f 
Soy bean meal (defatted) 25.60 | 72.0 | 0.140 | 0.55 | : 
51.20 | 61.5 | 0.280 | 0.55 | | 
76.80 | 53.0 0.410 0.53 | 0.55 | 0.611 
albumin (crystalline) 0.00 57.3. 0.345 | 
/ 20.00 | 37.6 0.710 | 3.55 | 3.50 | 3.78 


* The methionine values were obtained from calibration Curve 1, Fig. 2. 
+ The methionine content was calculated on a moisture-free basis. 


as the size of the aliquot is increased; yet it is significant that the lowest 
value is still considerably higher than those obtained by the proposed 


modification. 
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In order to demonstrate the applicability of the foe 


methionine, samples of diversified types of protems and foods were 


The casein sample was prepared according to the method of Vem Slyke eed 
Baker (6). The preparation of a-glutelin of wheat has been deserthed im « 
previous article (7). The glvcmin was prepared chefattec 
Illini soy bean meal by a method previously deserbed (8). 
data on the protein preparations used to estableh the chegree of thew 
purity. 

Our findings are collected in Table VI. It should be 
the quantities of material given in the second column are the quemtities 
present in the aliquots of the hydrolysates before precipitation with phee 
photungstic acid and, therefore, are larger than those actually preeeet 
the reaction mixtures. Methionine values for the different sae alqeete 
are in good agreement. Thijs is also true for duplicate hydrolyeates of the 
same protein. As a typical example, hydrolysates of two samples of omer 
zein preparation gave methionine values of 1.96 and 2.0 per cent 

The values reported here are lower than those obtained bw 
and Sullivan (2) and Hess and Sullivan (3). However, thew are i ceases. 
able agreement with those reported by Lavine (9) and Alhanese. Preaek. 
ston, and Irbv (10). 


The authors wish to express their thanks to Miss Miarguernte \. Sebel. 
who rendered valuable technical assistance. 


SUMMARY 


1. It was found that 510 my was the wave-length of minim team 
mission for the red color formed in the methionine-nitroprmeede semeties 
of McCarthy and Sullivan. 

2. Data are presented which indicate a stoichiometric reletiomeiee of 
approximately 2:1 between sodium nitroprusside and meethiemune ‘The 
presence of other amino acids, particularly gliveine, the 
lationship. 

3. A modification of the MeCarthy-Sullivan method for the eetteetios 
of methionine in protein and food material is presented and it« adeptetios 
to the spectrophotometric procedure is described 
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LETTERS TO THE EDITORS 


PARTIAL SEPARATION OF ADENOSINE GT 
FROM MYOSIN 


Sirs: 


According to Engelhardt and Ljubimows.’ 
40 per cent of the muscle protein, is identical with I eee Tite view 
is accepted by nearly all investigators im thie tell 
to effect any kind ot separation. According ter tegen 
recrystallizations of myosin do not alter the 

Expressing the activity as = ¢.mm. of of per 
by 1 mg. of protein (22.4 c.mm. = 31 of P), we with 5 
minutes incubation of purified myosin from rafitet 
concentrations of ATP (3 10° borate ACT © O85 
1.5 xX 10-* um), at pH 9.2, Y, values between 1598) ened axe 
increased about 20 per cent by addition of AON Set) 
solutions, either of reprecipitated myosin prepared to 
redissolved crystallized myosin of cam bee cw ceed 
of a lanthanum salt precipitation into of 
matic activity. With about 0.5 ce. of 0.1 Lai of 
in 20 cc. of 0.5 M KCI and 0.03 NaHCO), aff (he 


1 | Original myosin (crystalline 
Eluate from La ppt. us 

| Original myosin (Edsall . 
a | Eluate = 
3 | Original myosin (Edeal! ted 
4 | Residual solution after ppt 
b Euate from La ppt 

P determined as P split from ATP preeeet 

tein, by micro-Kjeldah] determination 

‘Engelhardt, W. A., and Liubimows, M N 366, 

*Szent-Gydrgvi, A.. Acta physiol. sand hee 

‘Binkley, F., Ward, S. M., and Hoagland. C & 
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cipitated with the La salt. After washing with a WKCl-NaHCOs solutiog, 
several fractions can be eluted by means of a IXCl-NaHCQOs buffer solutig, 
containing KCN (0.01 m) and ATP (1 X& 107° Mo). 

The first and the second eluates show an activity 2 or 3 times that of the 
original solution, especially if all traces of the La salt are removed. The 
(), is then in the range from 4000 to 7000 and in certain cases, when the 
original myosin is very active, even higher (Example 3). 

Although we have not been able to increase the activity by reprecipite- 
tion of the active fractions with La salts, nevertheless, we conclude that 
the ATPase is contained only in a fraction of the myosin. Slight physico- 
chemical differences enable this fraction to be separated partially from the 
bulk of the myosin. 


Division of Biochemistry B. Davin Pous 
Philadelphia General Hospital : 

Department of Physiological Chemistry Orro MEYERHO? 
University of Pennsylvania 
Philadelphia 
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THE CHEMICAL NATURE. ¢ FLAS 


Sirs: 


In 1943 McKee and MacPhillamy' ated med 
simultaneously on the production by “eee 
culture, of an antibiotic tactor which clowely 
biological and chemical properties. ‘The of 
was further studied by McKee, Rake, amd whee 
name “flavacidin.”” Recently Bush, Goth. 
extraction and chromatographic procedures foe (ie of 
substance, designated by them “‘flawacim.” 
which they secured by these methods pew 

The purpose of the present communieatio® fo 
1944, we isolated the penicillin produced by he 
of the crystalline sodium salt. Its potemew pew 
Staph. aureus, and the B. subtilis-Staph. aureus matte @ OTE 
strain 558-k). The analytical data were fet come 
suggested the empirical formula CyHot foe the Tie 
also the composition of penicillin the 
strains of Penicillium notatum. Degradation wet) 
vielded an aldehyde whieh wae Oke 
2,4-dinitrophenylhydrazone. However, fromm of 
points and x-ray diffraction patterns*® it appears thet Chee 
not identical but isomeric with the 2. 
hexenoylaminoacetaldehyvde, which is the 
product of penicillin F.5 There is evidemew thet the 
from flavacidin is a double bond isomer of the letter gamely © eeeemee! 
aminoacetaldehyde, so that the variable group 
formula would be represemtecl Chee 
—CH;-CH,-CH=CH -CHs. 


“McKee, C. M., and MacPhillamy, B.. Pree See Beet Wee 
247 (1943). 

*Bush, M. T., and Goth, A., J. Pharmacol. and Erp Therap. TO. 

*McKee, C. M., Rake, G. W., and Houck, C. L.. J. Beet. 

‘Bush, M. T., Goth, A., and Dickison, H. H.. J. aad sp Tieres 
84, 262 (1945). 

‘Committee on Medical Research, Office of Scientific aimed 
Washington, and the Medical Research Council. Lowdom. 

*We wish to express our sincere thanks to Dr Ro D Coghill aed Die © 
of the Northern Regional Research Laboratory, United States mt of 
ture, Peoria, Illinois, for performing and interpreting the fay 
ments carried out in connection with this study 
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It should be also mentioned that ultraviolet absorption measurements 
on the erystalline sodium salt revealed the presence of small amounts of 
penicillin G (R = 

The details of this investigation will be made available in the projected 
publication of all the experimental material contributed by the groups 
which during the war have collaborated in the chemical study of penicilliz 
organized by the Office of Scientific Research and Development. 


Divisions of Organic Chemistry and M icrobiology J. Friep 
The Squibb Institute for Medical Research W. L. Korrser 
New Brunswick O. WINTERSTEINE: 
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THE EFFECT OF TRYPTOPHANE ON THE SYNTHESES of 
NICOTINIC ACID IN THE RAT* 


Sirs: 

In 1942 we demonstrated that the feeding of caseum. of medewehee! seam 
acids, and of other nitrogenous compounds led to synthews of Geeetiee a 
in rats kept on a protein-free diet.' In view of the of 
et al.’ of the ability of tryptophane to replace nicotimec ae grow th 
factor in rats maintained on a corn diet, we investytated the efleet of few 
phane on the excretion of nicotinic acid derivatives um the eat." Theee were 
measured in the urine oi five adult male rate (175 to 225 gem) feel © chert 
containing purified casein (or gelatin) 15, sucrose 78. eoem eal! 
4, choline 0.2, cystine 0.15 per cent, plus adequate ameeunte af the Mf wits 


mins, except nicotinic acid. The averaged results are grwem 


Average Excretion of Nicotinic Acid Derivatives per Mat per 4 Moers 


Diet Daye 
15% +50mg.l-tryptophane, orally. 19-22 
1% «60S + mg. dl-tryptophane, sub 
> wi 


* NA includes all nicotinic acid derivatives hydrolysatte eth 
method used by Huff and Perlzweig." 

N'-Methylnicotinamide as determined by the method of 
Tilden. 


The data show a significant drop in the whee 
casein was replaced by gelatin, a peetew The 


* This work was aided by grants from the Nutrition fee. 
and Mary R. Markle Foundation, and the Duke 

‘Huff, J. W., and Perlzweig, W. A., J. Biol. Chem 8 

Krehl, W. A., Teply, L. Sarma, P. S., and 
489 (1945). 

While these studies were in progress, Singal ef af prablsehedd 
8. A., Briggs, A. Svdenstricker, P.. and Littlejet F 
(1946)) of their work stating that rats on a diet of corm grite 
amounts of unmethylated nicotinic acid upon the additrem of try 
experiments the major increase is in the methylated form 
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crease in the nicotinic acid excretion on addition of 50 mg. of l-tryptophane 
when given either orally or parenterally, was immediate, within 24 hoy 
and much greater than those observed previously with other amino acids: 
The addition of tryptophane to the casein diet likewise produced a large 
rise in nicotinic acid excretion. Indeed the increase in nicotinic gejd 
synthesis was apparently so great that it exceeded the capacity of the m 
to methylate it, and much of it was excreted as such in the urine. This 
fraction was shown to consist entirely of free nicotinic acid by failure to 
obtain larger values after hydrolysis with 6 N HCl, and its identity wa; 
definitely confirmed by assays with L. arabinosus. The identity of the 
methylated fraction as N’-methylnicotinamide was established by obtain. 
ing practically identical values from analyses by three methods based op 
different chemical reactions.-* The fecal excretion of nicotinic acid de 
rivatives did not vary significantly after the administration of tryptophane, 
amounting to about 12 y per rat per day. These observations indicate 


that tryptophane may be the important precursor of nicotinic acid syp- 


thesis in the rat. 


Department of Biochemistry FRED Rosen 
Duke University School of Medicine Jesse W. Hurr 
Durham, North Carolina A. PERLzweic 
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* Huff, J. W., and Perlzweig, W. A., J. Biol. Chem., 150, 483 (1943). 
’ Huff, J. W., Perlzweig, W. A., and Tilden, M. W., Federation Proc., 4, 92 (1945). 
®* Perizweig, W. A., Levy, E. D., and Sarett, H. P., J. Biol. Chem., 136, 729 (190. 
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ON THE MECHANISM OF ENZYMATIC 


Sirs: 

logical reactions occurred between film of 
slide and homologous antibedies, in spite of 
more layers of barium stearate. That work hee heem eetemeiee be eet 
stituting screens of Formvar (a formaldehyde 
barium stearate without any significant difference mm 

The analogy between enzymatic and 
led to testing the possibility that enzymes could react om of 
protein notwithstanding an intervening sereen of inert materiel  Trete 
were carried out with the crystalline proteolytic enzymes pepe aed tree 
‘sin. For this study, films of the antigen bovine albumin were depeeted es 


Trypsin Action on Bovine Albumin through Pormear Sereems 


Antigen film, | dowble Ley er 


bovine albumin bevine slam.» 
Thickness of Formvar screen... 0-10 65 o 45 
‘adsorbed antiboviné | | 
antibodies after trypsin treatment | | 
and removal of screen.............. 0 | | 0 | hue 


polished metal slides, as described in the previous note. Trypan seletior. 
for instance, when smeared on the slide acted upon the filo im « few seemed. 
so that subsequent treatment of the plate by homologous anteera diel eet 
bring about any increase in thickness, thus demonstrating the mactivatios 
of the films by the enzyme. If, however, a drop of solution of Foemwar 
ethylene dichloride was deposited on the transferred antigen layer. & pee 
tecting screen was formed on the protein film. After formation of the 
Formvar screen a drop of trypsin solution (0.4 per cent in weromal, pif 7.5) 
was deposited on the screen for 5 minutes and the plate them washed ‘Tike 
Formvar film was subsequently dissolved in ethylene dichloride and feellly 
the plates were treated with homologous antisera to test the antigemse Slee 
for their ability to react with antibodies. It was ascertained thet antigens 
films deposited on metal slides and coated with Formwar retaimed thee 
ability to react with antibodies after removal of the Formwvar sereen 

My experiments have shown that: (1) for a given number of the pemerteet 


*Rothen, A., Science, 102, 446 (1945). 
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antigenic films there is a corresponding critical thickness of Formyar fijp 
above which the screens offer complete protection against the etzymati 
action; (2) the greater the number of deposited antigenic films originally 
present the larger the critical thickness of the screen necessary for protee. 
tion. 

It is shown in the table that a screen 65 A thick prevents the inactivation 
of one underlying double layer of bovine albumin, whereas the same screen 
offers no protection if there are three, and very little protection if there ape 
two, underlying double layers. Similar results were obtained when screens 
of barium stearate were substituted for the Formvar. If diffusion of the 
enzyme took place, it would be hard to understand why a screen 65 A thick 
protected one double layer of antigen and permitted the complete inactiva- 
tion of three underlying double layers of the same antigen. 

These experiments suggest the possibility that proteolytic enzymes may 
operate at distances somewhat greater than 100 A. If confirmed by work 
on other similar systems, it would mean that no direct contact is necessary 
between enzyme molecules and the molecules subjected to disintegration. 
Enzymatic action may thus originate through a field of forces resulting 
from the extended resonators suggested by London. A system of many 
layers of proteins could in this way be more unstable towards the action 
of the proteolytic enzyme than a system made of fewer layers of the same 
protein. 

The biological implications of such a hypothesis are obviously numerous 
and will be discussed in full elsewhere together with the work now actively 
in progress. 


Laboratories of The Rockefeller Institute for Medical ALEXANDRE ROTHEN 
Research 
New York 
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THE EFFECT OF THE SULFONIDE FROM 


GLUTAMIC ACID AND GLUTAMINI 


Sirs: 


METABO IS 


It has been shown recently! that the sulfone 
growth-inhibiting analogue of glutamic acid in 


an antibacterial index of 75 (total inhibition). Live 


specifically by glutamic acid but not by glycine. meet 
tie acid, or asparagine. ‘The corresponding sulione Get 


terjal growth in equivalent concentrations. 


If glutamic acid is replaced by glutamine in the «ynthetee meee 


twice the concentration of the sulfoxide whieh 
completely in the presence of glutamic acid has om 


of the bacteria. The findings, shown in the (het 


I(+)-Glutamic acid i(+)-Glutamine 
me. per mil, me. per mi. 
() 
0.12 () 
0.12 
0.48 () . 
0) 0.12 
0 0.12 
0) 0.12 le 


sulfoxide prevents the amidation of glutamic acu! to ghetemume Thy 


foxide may therefore serve as a useful tool im the 


metabolism. 


Departments of Biochemistry 
New York State Psychiatric Institute and Hospetal 
College of Physicians and Surgeons 
Columbia University 
New York 
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FOLIC ACID AND 


Sirs: 

In studies on the requirement of the chick for bole 
to occur on a purified diet which was adequate mm sete) 
ganese, but contained only 50 mg. of Inositol pew 
100 mg. Perosis in chicks receiving ample anette of 


of the B vitamins known at the time was reperted ae early a OR Mee 


ardson, Hogan, and Miller! observed that at 


EFFECT OF FOLIC ACID ON PESOS & 


SEVERITY OF PEROSIS 


MICROGRAMS OF SYNTHETIC FO. 
PER 100 GRAMS OF DET 


necessary to prevent perosis in chicks. These were 
biotin, and an “unidentified organic nutrient present of 
ler’s earth adsorbate of a water extract of beef liwer”” 
and Heuser,’ using a diet containing adequate manganese, 
contains a perosis-preventing factor (or factors) that t 
choline and biotin. Campbell, McCabe, Brown, amd 


* This work was supported in part by the establishment of grantee ( eeeell fo 
versity by the Cerophy! Laboratories, Inc., Kansas Citw. 
Laboratories, Inc., Pearl River, New York, and the 
New York. 

Richardson, R., Hogan, A. G., and Miller, O. N.. Bae 
$43 (1942). 

* McGinnis, J., Norris, L. C., and Heuser, G. F.. Poalfry Se 

*Campbell, C. MeCabe, M. M.. Brown, R. A.. and & 
Physiol., 144, 348 (1945). 
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perosis in chicks that were receiving high levels of vitamin B. (folie ai), | 
but not in those receiving low levels. 

Contrary to this, we have found that perosis varies inversely with the 
amount of folie acid in the diet. Sueccinylsulfathiazole added to the diet 7 
at the 2 per cent level accentuated the perosis, but had no unfavorable effegt 4 
upon the growth and hemoglobin formation. The perosis was corrected by _ 7 
adding synthetic folic acid‘ to the diet. & 

Fifteen day-old white Leghorn chicks per lot were used in this experiment, | 
The degree of perosis was first determined at 4 weeks of age. Afterwards | 
the perosis became so severe that the chicks were unable to secure food and 4 
water, and many died betore the end of the 6 week experimental period, ’ 
The perosis score was determined according to the formula proposed by a 
Wilgus, Norris, and Heuser.* 

The data are summarized in the accompanying graph. On the sulfong- 4 
mide diet the low levels of folic acid caused an increase in perosis, due prob- 
ably to the greater weight of the chicks. Under the conditions of the ex 
periment the data indicate that on the non-sulfonamide diet approximately 
20 y of folic acid per 100 gm. of diet were necessary to prevent. perosis, 
whereas on the sulfonamide diet about 30 y were needed. The fact that the 
severity of perosis was greater on the sulfonamide diet and that more folie 
acid was needed to overcome the perosis suggests that folic acid is not con- 
cerned directly, but is acting indirectly by stimulating the intestinal miero- 
organisms to produce the antiperotic factor. 


Cornell University Agricultural Experiment Station and Louise J. DANIEL 
School of Nutrition FLORENCE A. FARMER 
Cornell University L. C. Norris 
Ithaca 


teceived for publication, March 18, 1946 


‘We are indebted to the Lederle Laboratories, Inc., Pearl River, New York, for 4 
the synthetic folic acid. 3 


*Wilgus, H.S., Jr., Norris, L. C., and Heuser, G. F., Poultry Sc., 16, 232 (1937). 
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STUDIES ON THE METABOLISM OF Ns 
II. RESPIRATION AT LOW ONYGEN TEN 


By hk. A. C. ELLIOTT? MARVON 


(From the Tnstilute of the Pe nnsyleania fal. Wow 


(Received for publication, 


Most studies ot tissue respiration leon cost 
at a partial pressure of oxvgen of 155 mim. of Pig, allow fee 
pressure at 38°, or in 95 or 100 per cent oxygen oof 
oxygen to which tissues in vivo are subjected is 
these values. The arterial and Venous ON Veen are 
and 40 mm. of Hg and the actual value in the metgheleeteee! of peepee 
tissue cells is presumably much lower. Chet 
tension at the surface of cat brain Cortes 
down to at least as low us 5 mm. of Hg. in 
whether the respiration rates as ordinarily te tee he 
same as in the presence ot physiologically 

In the use of tissue slices in oxygen if Chet 
tension at various depths within the slice will beet 
even at a very low OxXVeen tension the rate of be the ae of 
higher tensions. The original calculation of 
permissible thickness of a tissue slice is based cm thee Pe 
at the time the calculation was made the es he 
assumption Was provided by work on afb rs 
have accepted the limitations to the thickness of se 
have shown with liver slices that there ix a cbetimet mer 
0.48 to 0.62 mm., at which maximum rate of 
of oxygen occurs. Slices thinner than the 
probably because the proportion of damage! cothe te 
than the optimum respire more slow! 
oxygen tension is not maintained im the tomer of 
optimum thickness for liver slices as grees: 
that liver cells respire at their full rate at very bee ons 


Anabstract of this paper has appeared Oral 
Present address, Montreal! Neurological Inetitate Metall « 
Aided by a grant from the ( ‘ommiut tee prevent be t. were 


gad Chemistry, American Medical \sseciation 
Davies, P. W., persorzl COMMU Tes 
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The results of studies on the effect of oxvgen tension on respiration rates 
of tissue slices (3, 4) probably reflect only a mixture of aerobic metabolism 
of superficial cells, anaerobic metabolism of inner layers, and possible inter. 
mediate conditions. Warren (4) has made the first direct and valid study 
of the effect of very low oxygen tension on an animal tissue. He used sus. 
pensions of bone marrow and followed the rate of change of oxvgen tension 
in the medium by a polarimetric method, and was thus able to show that 
oxygen Was utilized by the tissue at a constant rate until the oxygen tension 
was reduced to 4 mm. of Hg or less. Winzler (5) has shown by the polaro- 
graphic method that the oxygen tension at which the respiration rate of 
veast begins to fall off varies widely with the temperature, being 0.6, 2.5, 
and 6mm. of Hg at 5°, 20°, and 34° respectively. 

With tissue suspensions the particles are small enough to allow the as- 
sumption that all parts of the tissue are subjected to the same oxygen ten- 
sion, provided the suspension is adequately mixed. As was pointed out by 
Dixon and Elliott (6), the rate of oxvgen consumption in manometric 
experiments can be limited by the rate of diffusion of oxygen from the 
gas phase into the fluid rather than by the activity of the respiring system, 
if the rate of shaking is too low or if the rate of oxygen absorption by the 
system is too high. (The effect of increasing the rate of shaking is not alone 
a reliable indicator of adequate oxygen diffusion (Winzler (5).) With low 
oxygen tensions in the atmosphere only low rates of respiration can be 
measured without fear of limitation by diffusion. It was shown previously 
(7) that the rate of respiration (per unit weight) of brain suspensions pre- 
pared in isotonic medium is not affected by the concentration of the sus- 
pension and is of the same order as the rate of respiration of slices. By 
using dilute brain suspensions, with low absolute rates of oxygen uptake, it 
is therefore possible to obtain reasonably valid direct information con- 
cerning the effects of oxvgen concentration on the rate of respiration of 
brain tissue. 

The results so far obtained show that the rate of respiration of brain 
tissue is unaffected by decreasing the oxygen tension in the gas phase to as 
low as about 4 mm.2 of Hg. The low oxygen tensions found by Davies on 
the brain surface in vivo are thus sufficiently high to maintain the maximum 
rate of respiration, but if circulation were decreased, the rapid respiration 
would quickly reduce the oxygen tension below the critical level. The cal- 
culation concerning permissible thickness of slices in oxygen is evidently 
reasonably valid as far as maintenance of an adequate oxygen concentra 
tion in the inner layers of the slice is concerned. On the other hand, it was 
previously shown (7) that an atmosphere of 100 per cent oxygen has 4 


2 In the abstract (Federation Proc.) this figure was incorrectly given as 0.4 mm. of 
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slices. The toxic effect of high oxwgem 
in work with slices and oxygen 

In the course of this work a Comvenent feet fee 


theeds 


Gas mixtures of air and commercial of of gem 
and nitrogen containing 5 per cemt 
After thorough mixing the oxygen woe 
the method described below. 

Suspensions of whole rat brain Verte pre Dee 
After homogenization the pH of the 
7.3 with drops of 0.1 N sodium hydroxide of 
sion and medium, total 3 cc., were pipettoed 
splayed rolls of alkali-soaked paper tee 
The gas to be used was passed in series Che 
(usually four) at room temperature at pew 
utes. (Connections were made so that the left 
(experimental) vessels was equalized that Che 
blown over.) After the gas Was passed im, alll 
were placed in the bath at 38°, at half fee 
reading, and shaking started. The mancmnetes tape were 
immediately and then occasionally Che 
period to release the pressure developed by worming 
were taken at suitable intervals. 

low concentrations of oxygen the followmg metheel wae te 
accurate results. Both main vessels of « 
received 2.5 ce. of N NaOH. The stele cf the 
ec. of M NaCl in 0.002 thee wteber cf Oe mel 
0.8 cc. of a solution containing 0.1 pyrogalied Net 
ata rate of about 400 ce, peer lew of 
The taps were then closed, the were om the ot 
ing started, and the taps quickly opened amd 


several times later, us long as appreciaile cue fe 
mained. 


When the manometer reading became gree 
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and the contents of the bulbs were tipped into the vessels. The alkaline 
pyrogallol then absorbed the oxygen in the right vessel, and when the 
reading became constant, after about 30 minutes, it was noted. The per- 
centage of oxygen in a mixture of oxvgen and nitrogen was then given by 
the following equation: 


ey 


oF 


(v 273 n°) O.S82V, V, 


313 760 


where / is the change in reading, / is the oxygen constant for the right 
vessel, V, is the volume of gas space in the right vessel, and corrections 
are applied for temperature and the vapor pressure of water at 38°. 

The method can be used satisfactorily also with gas mixtures containing 
5 percent COs. Although the alkali absorbs COe, ample alkalinity remains, 
after the gas is passed in, to cause the pyvrogallol to absorb oxygen, and the 
expansion due to warming at 38° is more than sufficient to give a positive 
pressure after complete absorption of the C'Ox, so that no air is drawn in 
when taps are briefly opened if time is allowed for the vessels to warm up 
first. When 5 per cent COs is present, the above equation becomes 

% oxygen = = 116 


100 V 
0.82V, — 


The use of m NaCl as solvent for the pyrogallol is necessitated by the 
fact that addition of water or a solution of appreciably different osmolarity 
from that of the NaOH solution in the main vessel causes a large change in 
vapor pressure which is difficult to balance out with the control vessel. 
Considerably more dilute alkali and pyrogallol are used than is commonly 
used for oxygen absorption, since otherwise it is difficult to avoid changes in 
vapor pressure. There was no evidence that CO was evolved in appreciable 
amount during oxygen absorption. The vapor pressure effect of the 0.1 ™ 
pyrogallol is small enough to be negligible. On tipping the pyrogallol 
solution in from the bulb there is an immediate slight increase in pressure, 
This is evidently a heat effect, and tests with nitrogen purified by hot 


copper and by alkaline pyrogallol showed that this pressure disappears 
a 


rapidly. 

The highest concentration of oxygen which can be measured by this 
method depends upon the density of the manometer fluid used. With 
kerosene it is about 2 per cent. With Clerici’s solution, density 4, the 
limit is about 8 per cent. The figures in Table I give results of duplicate 
determinations and a comparison with the results of determinations by 
the method of Van Slvke (8). 
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The method could be for the 


suitable for low rut Pow thx wow per el 


had the advantage that a manometer foe et 
series with experimental manometers ami the af ee 
determined at the same time as the peeneet pum 


Results 
Results of a typical experiment showing the effeete of 
tension are illustrated in big the fate per 
of tissue is unaffected by varving the heme 
ing the rate of shaking. In comet cox thee be 
air and unaffected by varving low 
tration of tissue is raised above 3) mg pew cme 
Method COs free gece 
' 
Proposed Passed over hot copper 
0.00 
that the rate per unit weight is lowered and cam he be 
the rate of shaking. 
As lower oxygen tensions were tried, the es 
was lowered, and with the low oxygen uptake 


diluted suspensions it was naturally diffiew!=! ele 
effects. But when curves through wer 
smoothed, duplicates agreed well and result« were 
as shown in Figs. 2 and 4, one effect of ext rene 
On decreasing the amount of tiene below per 
per unit weight was often initially little lew 
minutes. This effect was am «commer 
rate at which equilibrium is reached bet € cw 
and absorption by the alkali paper 

Fig. 2 shows the results of an ON tet tm 
commercial nitrogen containing 0.6 per comet 
OXY, tension tested, fmm. of lig well of of 
the first 30 minutes, the rates per unit were (he of off 
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tissue concentrations in air and at the two lowest concentrations in “nitro. 
gen.” At higher tissue concentrations in ‘‘nitrogen’”’ the rate was limited 
by diffusion. | 

There was no obvious change in the respiratory quotient under cond. 
tions in which the respiration rate was definitely limited by lack of oxygen, 
k.Q. values of 1.0, 0.93, 0.85, and 0.91, determined in bicarbonate-buffered 
medium with the Dixon-Keilin apparatus, were obtained with 50 mg. of 
tissue per ec. in 0.6, 0.6, 0.9, and 1.9 per cent oxygen. These figures are 
approximate since the total respiration was low, but they show no con- 


MG. Tissue 
PER CC 
CUe 8.3 
e 
MM. MM. 
400F Air 400} Ain 33 
4.3 oxvcen -—---- UnpurRiF ico 
NITROGEN 
4, | 
4.) 
4 MG. 8.3 
a= PER cc. | 
a<« a<« 
<= <=z 
« « 150 
w -17 
-~ 
_-100 
> - 
4, 
i 
1 Fic. 2 


Kia. lL. Effeets of tissue concentration and rate of shaking on respiration in dif- 
ferent concentrations of oxygen. Normal shaking rate, 120 oscillations per minute; 
rapid shaking, 150 oscillations per minute. 

hia. 2. Effects of tissue concentration on respiration, Unpurified nitrogen means 
gas direct from the nitrogen cylinder containing 0.6 per cent of oxygen. 


sistent difference from values obtained with suspensions or slices in the 
presence of ample oxygen (9, 10). Laser (11) found the r.q. of retina and 
chorion to be lowered by low oxygen tension while the oxygen uptake rate 
was still unchanged. With bone marrow, Warren (4) found no change in 
k.Q. even When the oxygen uptake rate was decreased by 50 per cent. 
When the tissue was respiring at its full rate the pH of the medium showed 
little change, but whenever the rate was limited by lack of oxygen in the 
medium the pH fell appreciably. The pH after 120 minutes in the exper! 
ments of Fig. 2, for instance, was 7.1 to 7.3 in all manometers in which the 
full rate occurred, but with 50 and 100 mg. of tissue in 0.6 per cent oxyget 
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it was 7.05 and 6.8. Evidently glweadwere em 

Fig. 3 shows the results of an experiment up (he 
was Ringer-bicarbonate, the guse« comtamed 5 pee © 
papers were absent during t he CN ferret Aetlin on 
paratus was used so that the total ows tip ake 
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30 60 90 
kia. 3 
Fic. 3. Glycoiysis in bicarbonate -buflered Gece 
small amounts of oxvgen. mg of 
tained 0.5 per cent of oxygen. Purified Ny COR gee 
passage over hot copper oxide. The trace of oF 
from the vessels by means of a svringe aed 
until the manometer reading indicated that 
allowing air to replace the gas renewed Thee 
oxygen in the vesse|. 
air, with examples of duplicate tim t > 
0.005 glucose; Curve B.S.3 mg. per ce w 
1.0005 glucose; Curves Dand dupliestee eae “mews 
mg. perce... 0.0002 wt glucose: Curwe Dee ote 
the experimental period registered be giv eee 
uptake and respiratory CO, evolution 
The amount of tissue present Was tows feo af) roperefum 


per cent oxygen (unpurified nitrogen-€ of ie 
concentration for the 1.9 per cent well 

ss rate in the presence of a little oxygen higher 
than in complete anaerobiosis (Elliott and Heer Peper FV 

In 1.9 per cent oxygen there was practically ne af Geet 
the oxygen tension was reduced bv respiration, the rate 
until at 90 minutes it was nearly as high a= in the of pew 
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oxygen. The oxygen uptakes over the 90 minutes were 85 and 170 ¢mm. 
in the 0.5 and 1.9 per cent (initial) oxygen respectively. This absorption 
of oxygen would have reduced the initial 1.9 per cent oxygen to about 19 
per cent. While this method shows changes in glycolysis rate, it does not 
show changes in respiration rate with time. But the results seem to indi- 
‘ate that glycolysis by brain tissue sets in as the respiration is decreased by 
lowering oxygen tension. This is in agreement with results of Craig and 
Beecher (3) on brain cortex. But since these authors worked with sliced 
tissue, no conclusion can be drawn from their results as to the actual oxygen 
tension at the cells at which these effects occur. Warren (4) found similar 
effects with slices and suspensions of bone marrow: With various types of 
red and white blood cells, Kempner (13) found that glycolysis did not in- 
crease until a marked decrease in respiretion had occurred. With various 
other tissues, glycolysis has been found to increase betore respiration is | 
decreased by lowering the oxygen tension (Bumm ef al. (14); Laser (11): 
Stern and Melnick (15); Craig and Beecher (16)). 

In a previous paper (10) it was shown that the maximum respiration 
rate could be maintained with a glucose concentration of about 6 & 10-' mM. 
By taking advantage of the fact that respiration is not affected even by 
extreme dilution, it was possible to show that an even lower glucose con- 
centration, 2 & 10°! mM, could maintain the full rate (see Fig. 4). As the 
glucose concentration was further lowered as a result of consumption by 
the tissue, the respiration rate fell off. Calculation, from the oxygen up- 
take, of the amount of glucose consumed during the equilibration and 


} experimental periods shows that the glucose concentration at the time 
: when the rate just began to fall below that of the controls (30 minutes), 
was about | 10°'m. This is presumably the critical glucose concentra- 
tion. The limiting oxygen concentration, calculated from the solubility ! 
{ of oxygen at 4 mm. of Hg pressure, is about 5 & 107° M or less. : 
SUMMARY 

4 The rate of respiration of brain tissue is unaffected by reduction of the 
oxygen tension as low as 4 mm. of Hg, provided that the rate of diffusion 


of oxygen from the gas phase into the suspension medium does not limit 
‘ the rate of oxygen uptake. 

The full rate of respiration can be obtained with a glucose concentration 
as low as mM. | 

A method for determining low concentrations of oxygen in gas mixtures 
is described. 
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STUDIES ON THE METABOLISM OF 
IV. ANAEROBIC GLY COOLS 


By kh. A. C. ELLIOTT? 


(From the Institute of the Pennsylrama Ge 
Neurological Institute, McGill U 


In previous papers of this series (1-3), om Oe 
of homogenized suspensions of whole ere 
that brain suspensions, prepared under 
comparable with those of slices of gray metter 
advantages in the study of brain tissue We 
sions has facilitated the study of various feetewe whee 
and these are here described. 


Ve 


Suspensions were prepared from whole mat fee 
warm medium, with the apparatus of Potter amd i” 
0.006 m KCI, 0.0012 Mm MgsS0,, 0.001  phoephete Selle 
0.007 m glucose, and, in some cases, w et Tike 
latter ion were variable but always small 

Glycolysis was followed manometrically Che 
The vessels contained a total of 3 ce. of Muted 
CO, in nitrogen by the method previously deserted 4 
stated, the gas mixture was freed of oxygem by 
trically heated tube filled with reduced copper 
experiments identically filled flasks were af 
end of the experimental period, sumples were lee © 
ZnSO, and NaOH, and lactic acid was determined om Che te 
method of Barker and Summerson (5 pry ate 
l ce. of 20 per cent trichloroacetic was rum dete: Che 
Was analyzed by the method! of Bueding and Woete «© 


*An abstract of this paper has appeared (Pederees @ 

and Chemistry, American Medical Association 

The color Values for standard pyruvate ent 
Merek’s reagent grade ot ethvl acetate velure wore 
samples of Baker’s cP. ethyl acetate, espectalls hee 
When the Baker product was treated overnight woth 
distilled, it gave the same values as did the Merek pre embepe 
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Results 


Effect of Pyruvate Concentration The effect of added pyruvate in stimp. 
lating glycolysis is well known (7, 8). Fig. 1 shows that the initial rate 
is increased to the same extent by concentrations of added pyruvate be. 
tween 0.05 and 2.0 mM per liter, but with the lower concentrations of 
pyruvate (or with higher concentrations of tissue) the rate quickly falls 
off, due to the destruction of pyruvate (see below). A higher concentration, 
5.0 mM, causes the rate to be lowered again appreciably. The results shown 
in Fig. 2 were obtained by adding very small amounts of pyruvate and eom- 


M 
2:0 
5.0 
| 
z 
0. 
JU 0.05 20 
NONE 
> 
100 S10 
i i i i 
MINUTES PYRUVATE CONCENTRATION 


hic. 1. Efteet of pyruvate concentration on anaerobic glycolysis. 100 mg. of tissue. 
Ibalbs, 4ipped in after 20 minutes equilibration, containing sufficient pyruvate to 
give the indicated millimolar concentrations of added pyruvate. 

hic. 2. 100mg. of tissue. Bulbs containing pyruvate to give added concentrations 
of 0, 0.05, 0.1, 0.3 mM, tipped in after 10 minutes equilibration. @ represents CO; 
evolution between 5 and 15 minutes after addition of pyruvate; pyruvate determined 
in a separate identical sample at 10 minutes. x, CO» evolution between 25 and 35 
minutes; pyruvate determined at 30 minutes. 


paring the rate over short periods with the pyruvate concentration ana- 
lvtically determined. It will be seen that the maximum effect is obtained 
in the presence of about 0.05 mm pyruvate. This concentration, 0.44 
mg. per 100 ec., is of the same order or less than that normally present in 


blood. 

Effects of Oxygen—-Rosenthal (9) showed that the rate of glycolysis of 
slices of various tissues is increased, following a period of aerobjosis in 
the same medium. This has been confirmed for brain suspensions, though 
the effect is rather short-lived, especially with thick suspensions. The 
maximum effect is reached after about 10 minutes previous aerobiosis at 
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ge° «If the respirometer vessels are filled with nitrogen gee 
as it comes from the cvlinder, containing about pee 
rate of glycolysis considerably and continous! we the 


ence of purified gas mixture.’ 
that these effects can be accounted for bv of af 


inthe suspension (Table 1). Further, it wos (he 
occurring in the presence of optimal amounts of acted p | ” 
further increased by previous serobiosis or by the peeeemee af fey 


oxygen (Fig. 3). 

Rosenthal (9) found that glycolysis by liver of 
by any suitable oxidizing agent, pyruvate, 
ducible dves, and did not consider the effeet of fee 
necessarily due to pyruvate formation. Neverthelew there te 


Tassie | 
Effects of Traces of Orugen and of Washing on ste Cems 
Tissue from 100 mg., fresh weight. of brain. Diuplieate « 
pyruvate determined in one of each pair at 30 minutes 


Pyruvate cor 
itter 
Unwashed tissue No O, TT 
Traces of O, 
Washed tissue No (). 
Traces of ©. 


no doubt that pyruvate is accountable for these effeet= im beau fe we. 
previously shown (2) that traces of material estimated as pwrmwete are 
always present in respiring brain suspensions. Presumably am equals 
concentration of pyruvate is reached when formation from ghmeose oe leetete 
is balanced by oxidative destruction. After a preliminary period of sere 
biosis there is thus sufficient pyruvate present to stimulate fo 
a short time during subsequent anaerobiosis, but it is poe 
In the presence of a trace of oxygen, some aerobic 
and maintains a sufficient concentration of pyruvate to ely 
continuously , 

Effect of Washing and of Tissue Extract \f the brain «epemeem & 
centrifuged and the sediment is washed once or twiee. bey resteepermefumg om 


2 : 

The effect is not due to inhibitory substances being prod@eed oe the peewee of 
freeing the As from Glycolysis in vessels which were woth 
gas and a measured small amount of air proceeded at the satee Pale ae be aeeeeies 
gas. 
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cold RGB and recentrifuging, and then made up to the original volume iy 
RBG, the rate of glycolysis is considerably greater than in the original 
suspension,’ provided Mg ion is present (see below). If the supernatant 
fluid obtained on centrifuging a strong fresh suspension is added to a washed 
suspension, the rate of glycolysis is depressed (Fig. 4). The extract 
alone has slight glycolytic activity (Fig. 5). The inhibitory factors ape 


A*PYR 
cv Fie. 3 Fie. 4 
ue. 
Tissue 
30 UN WASHED 
—— — WASHED 
: 
A 
« 
A COMPLETE ANAEROBIOSIS 
8 Trace O2 
C Prev. acrosiosis 


90 120 winutes : 30 60 90 


Peo 4 bfleets of previous aerobiosis and traces of oxygen in the absence and pres- 
ofl eddedpyruvate. 75 mg.of tissue. Curve A, in purified gas; Curve B, 
m wepernhed Ccontaming about 0.5 per cent Os); Curve C,in purified gas fol- 
jowenga a permed of 15 minutes shaking in O.-CO. at 38°. Pyruvate. where added, 
w 

Peo. of washing, tissue concentration, and tissue extract. The brain 
sae 100 mg. per ce. in medium. Some of 
(he See pemeon was centrifuged; the sediment was washed twice by making up with 
NMG to 5 tomes its original volume and recentrifuging, and then made up to its 
ormenal volume. The flasks received 0.75 cc. of original suspension, 0.75 cc. of washed 
~uepemmon Ceach with 2.25 ec. of RBG), 0.75 ec. of washed suspension plus 2.25 ec. 
ot extract (the first supernatant fluid), 2.25 ec. of extract plus 0.75 ec. of RBG, 3 ce. 
ot -omg@nal suspension. 3 ec. of washed suspension. CQO. evolutions are given per 100 
ome of original tissue. The curve for tissue plus extract is corrected for the activity 
extract alone 


mostly removed in the first extraction and the supernatant fluid after 

several washings has no effect. However, more of the inhibitor was found 

to be lherated from washed tissue during the course of experiments. 
The inereased glycolysis in washed suspensions can be accounted for by 


The feet Chat these supensions can be centrifuged and resuspended without loss 
of ghveoly tic activity (see also Geiger (10)) is another indication that homogenize 
medium does not destroy all cell structure. Cytolyzed cell prepara 
‘rome de pet glveolyze rapidly without the addition of various factors concerned in the 
giveolivive mechanism (11, 12). 
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the presence of an increased concentration of piruvate 
Table 1). During the manipulations involved 
(a 

the suspension is necessarily subjected to fee 
consequently a small amount of pyruvate 


Destruction of Pururate te 


Pyruvate, M X 10°, found after 30 minutes ateeredecee at & 


100 mg. tissuc, washed 


ry 


No addition Extract added Py ruvate 
25) 
The extract was 2 ec. of the om 


per ec. of fresh brain suspension 


Fie. 5 


WASHED *PrauvaTe 
SUSPENSIONS 


Fic. 5. Reversal of extract effect by pyruvate 
of fresh tissue. The extract used, 2 was the 
trifuging suspension of 150 nig. of fresh t eer 
0.002 m. The curves for tissue plus extract hawe 
activity of the extract alone (whieh was not affected 

Fic. 6. Effects of magnesium. The tissue wae Whig 


hearbonate-glucose and a portion “ns washed re tee fered om bee tee 
Vessels received suspension from 100 mg. of fresh tissue Gene 
Mg(Cl.; pyruvate, 0.001 added fren 


established. The tissue extract contains faetows dheetees pr 
so that the initial concentration of pyruvate 
unwashed suspension, or in the presence of 
suspension alone (Table I1). ‘Traces of oxwq@em ow Ue py rev ofe 
has little or no immediate effect with dilute sashedt 
dand6). The inhibitory etfect of added extract om 
abolished by added pyruvate (Fig. 5). 
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Iextracts prepared from tissue homogenized with and without glucose 
have exactly the same effect. Most of their effect remains after heating 
to 100° for 15 minutes, centrifuging clear, and readjusting the pH by treat- 
ment with CQ.. The small amount of lactate in the extracts, 0.002 to 
0.004 mM, could not account for their effects. Chemical determination of 
lactate production proved that the effect was not due to COs retention (see 
Table experiment 1). 

The respiration rate of these suspensions, measured in the Dixon-Ieilin 
apparatus, is lowered about 22 per cent by washing. The addition of ex- 
tract to washed suspensions increased the oxygen uptake by an amount 
about equal to the uptake of the extract alone. 

Magnesium lon Geiger (11) showed that magnesium ion is necessary 
for the activity of glycolvzing extracts. The presence or absence of this 
jon in the medium usually has very little effect on ordimary isotonic sus- 
pensions, but the stimulating effect of added pyruvate is greater in its 
presence. The incrense in glycolysis rate following Washing does not occur 
if Magnesium is omittedtrom the washing and suspension medium, although 
added pyruvate still increases the rate (Fig. 6). Presumably the tissue 
itself contains sufficient magnesium to make nearly full use of the very small 
traces of pyruvate ordinarily present in unwashed suspensions and to make 
suboptimal use of added pyruvate. Tissue washed with Mg-free medium 
eontaims more pyruvate, but insufficient magnesium to make maximum 
use of it. The maximum effect of magnesium is reached with about 0.002 
wu Mg and increasing the concentration to 0.005 m has little further effect. 

Lactate In the absence of added pyruvate, the addition of 0.01 m 
d-lactate inhibits the glvcolvsis rate appreciably, though the extent of 
inhibition is variable. (Vhis concentration of lactate is considerably higher 
than that developed by glycolysis in most of these experiments.) In the 
presence of O.O0OL xi pyruvate, the addition of lactate had no effect (Fig. 
S). 

Effect of Tissue Concentration ~The respiration rate, per unit weight of 
tissue, of brain suspensions prepared in isotonic medium is almost inde- 
pendent of the tissue concentration, though, with suspensions eytolyzed by 
suspension in hypotonic medium, the rate decreases with increasing dilution 
(1). Asis shown in Fig. 7 and has previously been observed by Geiger (10), 
the rate of anaerobic glycolysis decreases markedly with increasing con- 
centration. In unpurified gas the effects of traces of oxygen and tissue 
concentration produce a complex curve. At ext reme dilution, the traces 
of oxygen are sufficient to maintain aerobic metabolism. With somewhat 
stronger supensions, diffusion of oxvgen is inadequate to maintain respira- 
tion, so that glycolysis sets in at a high rate, due to the stimulation by 
traces of oxvgen mentioned above. At still higher tissue concentrations, 
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the rate falls again, due to the inbibitowy effect 
tration on glycolysis. 


The readily extractable factors whieh pee fe 
washed tissue, the same extremely low ef ate 


9 X 10°% mM, was found during complete with) ae 
thicker SUSPpeNsions. There was a somewhat pe 
increased tissue concentration with (Pig cm 
added pyruvate, but the effect was still “Tie com 
centration produced in strong fee Oke 
hibition (Fig. 8). Nor could the effet tre te 
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100 
‘5 
ze 
- 
a* 
w 
4 
Litt § 
100 
Mc. Tissve tm 3 cc. 
tures, 
The vessels contained 75 or 300 mg. of Freeh oe wate 
M, added lactate 0.01 Lactate present af emed (cabealeted frame 


during experimental and preliminary ple 
0.012 dilute suspension plus pyruvate and added lectate 


ing the bicarbonate concentration in the meds «eareety affeeteed Che cate 
of glycolysis. Geiger (10) described an inhibeter of eetedy aed 
brain which was associated with cell amd thew whe 
tified this with a pyridine nucleotidase. Cheat 
did not affect the glycolysis of unewtolyazed celle eee 
lower the glycolysis of isotonic ane pore 
sumably retained inside cell structures. [Et te 
centration effect in this case simply to 
autolytic processes play a part 

Serum— The addition of rat serum of Fee o 


the total 3 eec.. inhibited lactic acid 
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about 35 per cent, when compared with a control contaming calcium ion 
and as much added lactate as was present in the serum (approximately 
0.009 mM per ce. of serum) (see Table ITT, Experiment 2). The serum was 
not found to destroy either initial traces or added pyruvate, and in itself 
contained sufficient material determined as pyruvate (about 0.1 ma) to 
‘ause stimulation. The nature of the inhibiting substance was not identi- 


TABLE III 
Ke fleets of Phosphate Bufier and Other Factors on Total Acid and Lactic Nerd Formation 


Quantities are expressed in micromoles per gm. of fresh tissue in 2 hours. 


Experi pH* Lactic. ~ 
No 3 cc. formed 

Start End 
| Ringer-bicarbonate 75 (Washed) 143 125 
+ extract from 225 mg. tissue 7) SH th 4 
Correction for extract alone 10 3 
2 Ringer bicarbonate 123 107 
+ d lactate O.OOS LOT 
+2ce horseserum(inactivated): 100 (4 
+2°° rat serum 100 67 
3 Ringer-bicarbonate 7) 125 116 
300 6} 
tinger-0.033 phosphate 75 176 
" 300 4.03 | 448 $6) 
Ringer-0.032 M phosphate LOO (Washed) 7.22) 6.91 154 
+ dlactate O.OL | 6.92 189 79 
+ extract from 300 mg. tissue — 100 eo | 7.43 | 7.20 | 93 ; 44 


* pH determined with glass electrode. The initial pfl was determined rapidly on 
the contents of an identically set up manometer flask, immediately after equilibra- 


tion. 

t+ The acid formed in bicarbonate medium is calculated from manometrically 
determined CO. evolution. With phosphate medium the value for acid formation 
is the ealeulated amount of acid required to produce the observed change of pF in 
phosphate buffer of the concentration used. 


fied. Some inhibition occurred with the supernatant fluid from heated 
serum (pH readjusted with CQO.). Serum has no effect on, or slightly 
stimulates, the respiration of these suspensions. Human spinal fluid also 
exerted about 20 per cent inhibition of glycolvsis. 

Phosphate Buffer—The Ringer-phosphate-glucose medium (RPG) for 
these experiments usually contained 0.033 m sodium phosphate, pH 7.6, 
0.102 m NaCl, and other constituents, as in RBG, The pH of suspensions 
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to about 7.6 with drops of O.1 N ewe 
C'O.-free nitrogen. 

In RBG the total acid formation, a» tdiewted bee wae 
usually equivalent to or somewhat Chee 
(Table II]). In RPG the acid formation, a» tie 
pH of the buffered suspension on the beet of Che of 
phosphate alone, was greater thaun im feet 
was considerably lower than in RIG. The 
verv much higher than the amount Che 
tion. The nature of the extra acid has not 
metabolism in RPG may be due to lack of ae 
is being studied. It mav be relewart tee Chet 
the lactic acid formation in RPC. cold bee 
RBG by the addition of adenosine triphosphate effete 
increased tissue concentration and tissue ext 
(Table [I1, Experiments 3 and 4) 

rate of anaerobic glvcolvsis of brain cortex be ie 
instance, Dickens and Greville (13) give values of Deed 
for rat brain under comparable conditions. ofl 8) 
tween 3.5 and 10.5. In this work values, ower between 
and 21.5 have been obtained in different te 
of the values fell between 10 anc 15. “Thee 
when the activity was calculated on the of went ae of 
final dried weight of tissue. No sure correlation hetweem the cate ame! 
variations of technique was discovered ame Che fee Che 
is not vet understood. Duplicate determmations om of 
from the same brains usually agreed within 20 per 
pyruvate usually improved the maintenance of rate the cote 
tive difference in activity between samples of wields 
without added pyruvate (see Table IV) 

The anaerobic glycolysis of suspensions of 
than that of slices, and duplicate determinations agree exeetiy fe eheeee 
comparable determinations on different wrth eae of 


The following are some of the variations teetecl 
er’s solution with or without phosphate, warm or cold. oe henge 
or without ©. bubbling through. oF le 
manometer vessel; leaving the whole brain cdiew foe 
on perforated disk or thoroughly on linen, cot 
or large animals; having the medium freshly Created woth) pee come © 
to the air, with or without calcium ton in the meedsam 
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3 ce. of RBG, the COs evolution was between 150 and 185 ¢.mm. in 90 
minutes, though no special precautions were taken to equalize the pre- 
liminary manipulations. Table [V shows results of experiments in which 
the anaerobic glycolysis of cortex slices, and of suspensions made from similar 
slices from the same brains, is compared = The rates tor dilute suspensions 
average nearly the same as for slices, but are less variable; with stroager 
suspensions the rates per unit weight are lower than with slices. | (Suspen- 
IV 
Comparison of Slices and Suspensions 

Samples of slices from three brains were placed in manometer vessels containing 
ot Ringer-bicarbonate-glucose (RBC). The remaining slices were homogenized 
in RBO and 0.5 ce. of suspension plus 1.5 ce. of RBG or 2.0 ce. of suspension were 
pipetted into vessels. Pyruvate, | ec. of 0.006 Min RBG. was added from side bulbs. 
The dry weight of tissue in suspension was calculated from the dry weight) of 
samples of suspension and of RBG, allowance being made for the volume occupied 
by the tissue in the suspension. 

The final dry weight of slices in each manometer was 10 to 16 mg. ** Dilute’ 


suspension contained 6 to 9 mg... ‘dry weight, of tissue per manometer; ‘‘strong”’ 
suspension contaimed 4 times as much. 
(Comm. of CO, evolved per mg., drv weight, of rat brain cortex in the first 80 min- 


utes and, in parentheses, in the third 30 minutes. 


Pyruvate, 0.002 mM, added 
Suspension 


Slices Suspension 
Slices 
Dilute Strong | Dilute Strong 

9.4 (38.9) (6.9) (8.3) 14.0 (10.6) 6 (6.4) 8.0 (8.3) 
(11.4) 
(2.0) 
11.4 (9.3) 9.3 (0.3) 11.8 ( 3.0) (4.0) 
$.8* (4.5) | 7.9% (5.0) | 5.2* (3.1) 
* Average of above and three other experiments. 


sions prepared in hypotonic medium show greatly reduced activity, even 
if salt is added after homogenization. ) 

Tissue extract inhibited the glycolysis of slices to about the same extent 
as that of suspensions. Serum, 2 ec., inhibited the chemically ‘determined 
lactic acid formation strongly, 60 to 80 per cent. There was no consistent 
variation in the rate per unit weight with increasing amounts of slices up 
to about 20 mg. of final dry weight in 3 ce., but with large amounts, over 40 
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mg. of dry weight, the rate fell off rapidly with: terme 
dicated that this effect could be accounted for bw aeewnmeabetiow of Deets 
With suspensions, the initial rate of giveolvsie ix of th 
cose concentration, at least between amd thy 
rate was appreciably lower in 0.0037 mM than in QLOOTS eh 
suspensions, as with slices (Dickens and Corewille 
absence of both glucose and rupee clewt of the of 
lytic activity, 85 per cent in 20 minutes. Addition of prrewate dees 
restore the full activity. Traces of ox, 
destruction. 


t 


In view of the results described in the preeeding 
that no fixed value can be estimated for the 
of brain and possibly of other tissues. Under of om 
rate at which glycolysis proceeds tn will be perth 
local pyruvate concentration. This, in tum, will the 
of pyruvate in the circulation or the ot 
traces of OXNVgeTL OF the extent to whieh 
vious aerobiosis has been destroved. 


which may occur in vivo is raised by the of WW 
Malherbe (14) that the rate of glvcolvsi« with: 
first few minutes of anaerobiosis bey Chee coe 

erly supplemented, glycolyze very much taster them be 


from the rates commonly observed with 
Utter ef ail. (12)). The release of ren weg 
age tothe tissue. But it is possible that thew 
which may be effective in vive. 


Except in the ot muscle, little « texte 
physiological réle of glvcolwsis. te (het « 
serves as a rapid method for producing energy 


these are used up during activity faster thea Chew bee 
oxygen supply and respiration. (het 
serves a similar function in other theses. We Dike fee 
possibility that anaerobic glycols “is fer 
to emergency situations In Various amd cor of 
besides the provision of energy. Local 
probably occur normally in the brane. 
described periodic spontaneous changes the of Oke 
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tension on the brain cortex surface. He found that the oxvgen tension 
varies at different points from the full arterial tension down to at least as 
low as 5mm. of Hg. In the preceding paper (3) it was shown that brain 
tissue respires at its full rate in the presence of very low oxygen tensions, 
at least as low as 4 mm. of Hg. It seems reasonable to suppose that, if 
the blood supply to any zone is decreased even briefly, the rapid respiration 
would quickly reduce the oxvgen tension in the neighborhood of respiring 
cells below the critical level, and the cell group affected would tend to 
change over from respiration to glycolysis. The rate of glycolysis might 
he expected to be rapid: almost immediately after the oxvgen supply is 
diminished, since, as was shown in the preceding sections, the pyruvate 
present in the tissue after a period of aerobiosis would produce a nearly 
maximum glycolysis rate, and traces of oxygen remaining would tend to 
maintain the high rate. The lactic acid formed within the tissue cells by 
the glycolysis would be expected to produce marked changes it the func- 
tional activity_of the cells, owing to the effects of hydrogen ion concentra- 
tion on the distribution of electrolytes across the cell surface and on the 
activities of enzymes. Any lactic acid formed, in excess of what could 
be consumed during early restoration of aerobiosis, would presumably 
escape from the cells, affect the pH of the surrounding fluids, and tend to 
produce an increase in the local circulation rate by action on the blood 
vessels. 

Observations in the literature are in accord with the suggestion that 
glycolysis occurs normally in the brain. Glycolysis in the brain is very 
rapid once the circulation is stopped by decapitation (18), but lactic acid, 
which has accumulated in the brain during anoxia, disappears rapidly during 
recovery, probably by oxidation (19). However, even under normal con- 
ditions a small amount of lactic acid is added to the blood stream by the 
brain (20). Meverhof and Lohmann (21) showed that fruetose will serve 
as substrate for respiration but not for glycolysis in brain tissue. Since 
intravenous fructose will not prevent insulin convulsions, they suggested 
that glycolysis is an indispensable vital function of nervous tissue. Frue- 
tose does not maintain the electrical activity of the cerebral cortex in 
the hepatectomized animal (22). 


* If the oxygen tension in the tissue is 10 mm. of Hg, there would be present at most 
0.3 e.mm. of dissolved oxygen per cc. Uf the respiration rate of brain is about 5000 
camm. per gm. per hour (16, 1), the dissolved oxygen could be completely consumed in 
Q02second. Whole unexsanguinated brain contains about 2 per cent of blood (White 
et al. (17); Elliott, unpublished). If this were all in capillaries it might provide 
sufficient oxygen to last at most 3 seconds after complete cessation of flow, but the 
oxygen tension would fall rapidly. (These are average figures for whole brain; 
the quantities and times would, of course, vary in different regions. ) 
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actors affecting the anaerobic ot 
studied. 

pyruvate. 

2. The rate is increased brieflv bw « pewteed of 
continuously by the presence ofa trace of ox wget T Peete gre 
to be due to the production, during of of 
pyruvate sufficient to stimulate the @hvealyer 

3. The rate is increased by Washing the 
This effect is shown to be due to the renewal of wheel) 
pyruvate. 

4. The rate per unit weight of tissue ix he 
tion of tissue. ‘This effect is not more thar Pepe fee 
‘ate-destroving factors. 

5. Added lactate inhibits glycols six Peet tte the 
the presence of added pyruvate. 

6. Serum inhibits considerably. “This effet te fee 
of pyruvate. 

7. In Ringer-phosphate the lactic acid 
than in Ringer-bicarbonate and large amount of aad 
produced. 

8. The activity of cortex slices is much mere wartelele Chem Chet of cemee 
sions. The glycolysis rate of dilute suspension: of 
same as the average rate for slices. 

9. The possibility that glycolysis is a normal wrth 
significance is discussed. 
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INFRA-RED ABSORPTION SPECTRA OF STE 
I. ANDROGENS AND RELATED? STE 
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This is the first of a series of papers on the infraoted eheeeptes sheets 
of steroids, with particular reference to the naturally 
hormones.! These studies have shown that meet cam of 
erable aid in the chemical identification of thie of 
present paper contains a descript on Of thre reset 
for qualitative infra-red spectroscopic analyst of 
spectra of a number of naturally occurring andreogeme ened oom 


pounds are presented and are discussed in relatrom to 


Methods 


Instrument—-The instrument used was the Llardy cee 
spectrophotometer (2), built by Mr. G. 
Fig. 1 is a schematic diagram of the optical swsetem of the meefremeest | 
Nernst glower (.V) is the source of infra-red racdiatvom wheel) Oke 
beams are derived. One beam passes through fowed 
to the mirror ./>, which directs the beam to the top merrer at [2M from 
which it 1s focused on the upper portion of the Tike etter 
beam follows a similar course through variable 
mirror and then to the bottom mirror at om 
the lower portion of the first slit GS)). “The for 


‘in front of the upper portion of slit S; and a blank plete. 


cell, in front of the lower portion of slit Sy. 
through an optical svstem consisting of muirrom Me My My My 
sodium chloride prism of LO em. base. “Thre 
beams pass twice, is In a Wadsworth-Littrow 
wave-length in the resultant spectrum are cm Chee 


* Aided by a grant from the Josiah Macey, Jr. 

' Infra-red analysis of the steroids was begun tm thee 
and Ephraim Shorr, and was the subject of a om 
Dr. Herget left this work in order to engage in war af the 
Laboratory, Harvard University. 
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portion of a second slit GS.) through which they pass toa mirror (4/7), which 
loctises them on two matched thermocouple junctions (/). 

The thermocouple junctions are connected in opposition in a circuit 
containing*’a Zerike (model Ze) galvanometer. As the prism is rotated, 
diflerent wave-lengths of infra-red radiation are continuously brought into 
loots on the thermocouple junctions. When there is no absorption by the 
sample, there is no difference in the intensity of radiation on the two junc- 
frome. Tlowever, at wave-lengths at which absorption occurs, the difference 
wontenesity of radiation on the two junctions causes a deflection of the 
galveanometer. These deflections are amplified on a ground glass scale by a 
beam of lwht reflected trom the glavanometer mirror. 


bes 1. Sehematie diagram of the optical svstem of the Hardy infra-red spec- 
trophotometer \ is a Nernst glower; and 2D), iris diaphragms; W,, DM, 
W. We. and We mirrors; S; and S. slits; ? sodium chloride prism; a pair of 


hi if thermocouple junctions. 


The absorption spectrum is recorded by keeping the galvanometer beam 
at the wall peint. This is accomplished with a manually operated wheel 
which controls the opening of the variable ins diaphragm (/)) so as to 
balenee the mmtensities of radiation on the two thermocouple junctions. 
The wheel also controls a pen which writes on a drum rotated through a gear 
“vetem by the same motor which rotates the prism. In this manner, as 
the prism is rotated, the operator obtains a continuous tracing which repre- 
“ents the absorption spectrum of the sample. On each tracing a scale is fixed 
by means of a vernier attachment on the gear mechanism controlling the 
prem rotation. This seale, which gives the position of the prism at any 
pointoon the tracing, is then converted into a wave-length scale by use of a 
ealibration curve based on absorption spectra obtained with chemical com- 
pounds with well defined absorption bands at specific wave-lengths in the 


mfira-red region. 
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The spectra presented in this paper extend 2 te 
spectrophotometer is capable of analysis out te aheat bes 
the width of the first slit was set at 
from 9 to 12.4 wat 0.6 mm. The width of the 
set 0.5 mim. greater than the width of the tues! 

on rock salt plates or in solution, cell: 
only the results obtained with solid) ane 
generally prepared by dissolving the saruple 
placing the resulting solution dropwise om a soll plete. 
ture suitable for the rapid evaporation of the eolvemt. Wie 
used as a solvent, as in most of the 
the salt plate was kept at about LOO® curing Che of 
With heat-stable compounds, crystals Were some’ 
a salt plate and allowed to solidify on cooling 


The most satisfactory films tor analyst are 
ervstals with little scattering power. fe 


powdery crystals, the scattering effeet of the cm 
results in less satisfactory spectra. This diffrentiy cam be pert) 

grinding the salt plate through which the 
simulate as closely as possible the scattermng effect of 

6 mg. of material were used on a salt plate about 2 em epee eee 
thick; but if material was limited, satiefaetory be of 
with as little as | to 2 mg. 


EXPELERIMENT 


The absorption spectra of the following 
are presented in this paper: androsteronme, dele 
i7(@), androstanediol-3(3), 17(a@), « 
tenediol-3(a@), 17(8) (Fig. 3); androstanedione-3,17, 
3(a)-hvdroxyetiocholanone-17, 
tosterone, testosterone propionate (Pig. 

In the spectra presented, transmission is plotted Wate 
should be pointed out that in spectra obtained with 
sion may varv greatly with varving thicknesses and seafferme pes 


* We wish to express our gratitude to the follow fee detest 
of the steroids studied in this work: Dr. of 
for testosterone, testosterone propionate, ated 
Dr. R.C. Mautner of Ciba Pharmaceutical Products. Lee. 


androstanediol-3(3).17 (a). androwtame | 
tenediol-3(8).17(@), A®-androstenedial 3(a@). 1703), 


Dr. Seymour Lieberman and Dr. Konrad Dobriner of the Mieenernal Meepete 
York, for 3(a@)-hydroxvetiocholanone-17 and 3(a)-acetoxvet 
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different films. Nevertheless, the distribution of absorption bands in the 
spectrum of any one compound remains constant when different films-of 


that compound are subjected to infra-red analysis. 
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It should therefore be possible to assign certain absorption 


This has been accomplished 


by comparison of the various spectra obtained in this laboratory as well as 
by a study of the infra-red absorption spectra in the literature (@.g., see 
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steroids, such as isoandrosterone and estrone, has been obtained by x-ray 
analysis (Bernal and Crowfoot (7)). It mav be seen in Table I that the ex- 
tent of the shift of the hvdroxv! bands to higher wave-lengths differs tor the 
vartlous members of the series. Since other studies have shown that the 
extent of the shift to higher wave-lengths is proportional to the strength of 
hydrogen bonding, the variations noted in Table I are susceptible to the 
same interpretation. is possible that in some compounds the orenta- 
tion of the hydroxyl groups is more favorable for stronger hydrogen bonding 
than in others. 

No absorption bands are present in the hydroxyl region in the spectra of 
those compounds devoid of hydroxyl groups (androstanedione, androstene- 
dione, testosterone propionate, and 3(a@)-acetoxvetiocholanone-17). It 
should be pointed out that in the spectrum of 3-chlorodehydroisoandros- 
terone a small amount of absorption persists in the region near 2.86 uy. 

TABLE | 


Absorplion Maxsima in Hydroxyl Region 


Compound Wave-length 

Androsterone 
lsoandrosterone 2.0 
Dehvdroisoandrosterone 23 
Androstanediol-3(ai 
Androstanediol-3(3) (a) 2.99 
(a) QT 
2.9] 
2.51 

2 86 


Test osterone 


This is regarded as arising from the incomplete conversion of deli droisoan- 
drosterone to the chloro derivative, the small absorption band in the O -H 
region arising from the unconverted dehydroisoandrosterone in the sample. 

(HH Absorption -In all the spectra presented here, a strong band occurs 
around 3.35 4. This band is assigned to the linear vibration of hvdrogen in 
(*--H groups of the steroids, since it is in the expected region for absorption 
of aliphatic CH groups (8, 8). Aliphatic (--H_ groups, through, an 
angular vibration of the hydrogen, also produce absorption bands in the 
region near 7 uw (3). This would account for the bands in the region bet ween 
6.75 and 7.00 u. In some of the spectra, only a single band is found, gener- 
ally around 6.85 yu, as in the case of androsterone, while in other spectra two 
hands are resolved, one generally around 6.80 yw, and the other around 6.90 g, 


as in the case of isoandrosterone. | 
CH, Absorption Methyl groups have been found to give rise to absorp- 
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presented here, a band occurs between 7 
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unconjugated C; and C,; ketones are ae te te « 
large absorption band, 


position is produced by the same groupeng 


addition, the spectrum ol the latter shows beamed af 475 
the unconjugated ketone TT he, ae 
5.79 ki. In the former com pound, three be wel 
conjugated (’; ketone band at 5.97 » 

C=C Absorption An unconjugated’ Cet fe 
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to an increase in the intensity of absorptiem OB). the 
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cholanone-17, it probably accounts for the band at 8.02 u and in testosterone 
propionate, for the band at 7.95 wu. 

If the carbon in a C—O linkage has only single bond linkages, the absorp- 
tion for the C—O vibration occurs between 9.0 and 10.0 u (3). This type of 
linkage occurs in all steroids containing hydroxyl groups, and therefore in 
the spectra of such steroids one might expect to be able to assign bands in 
that region to the C—O vibrations. However, im any one spectrum there 
are generally several bands in that region, not only in the case of steroids 
containing C—O groups, but frequently in the case of steroids having no 
group (e.g. At-androstenedione-8 This situation necessitated 
careful cross-comparisons of the spectra of many steroids in the attempt to 
assign certain wave-lengths of absorption to the C--O linkages of hydroxy] 
groups. Such cross-comparisons of the spectra in this paper, and also of 
those spectra to be presented in subsequent papers, have brought out 
certain relationships between bands occurring in the 9.0 to 10.0 uw region and 
the presence of different types of hydroxyls in steroids. With respect to 
certain tvpes of hydroxyls found in the steroids investigated in the present 
study, the following findings have been made. = 

(',-(3)-Hydroxyl trans to a C;-hydrogen — Steroids with this type of hy- 
droxvl have all given a major band between 9.45 and 9.55 u (e.g., Isoandros- 
terone, ). 

(';-(a)-Hydroxyl trans to a C;-hydrogen-——Steroids with this type of hy- 
droxvl have all given a band between 9.45 and 9.55 uw. In the case of the 
3(a@)-hydroxyetiocholanone-17, this band (9.47 uw) is not large, but in 
certain pregnane and cholic acid derivatives having this type of hydroxyl, 
the band in this region is a major one. 

cis to a C5-hydrogen—Vhe only steroids so tar examined 
with this tvpe of hydroxy! are androsterone and androstanediol-3 (@),17(q@). 
Both of these compounds give a band of medium intensity near 9.4 » and a 
band of strong intensity near 9.9 yu. However, spectra of additional 
steroids containing this tvpe ot hvdroxvl are required before bands at 
either of these wave-lengths can be said with certainty to be related to the 
(© group of the tvpe of hyvdroxvl in question. 

(',-(8)-Hydroxryl accompanied by a Cs double bond —Steroids with this 
type of hvdroxy! have all given a major band between 9.40 and 9.45 u (¢.9., 


dehydroisandrosterone, 9.41 yw). 

trans toa Cy3-methyl Steroids with this type of hydroxy! 
have all given a major band between 9.35 and 9.45 uw (e q., testosterone, 
0.35 and 9.43 uw (split band)). : 

If a steroid has two hydroxy! groups included in the types listed above, the 
absorption resulting from the presence of the two groups is not always 
resolved into two bands. For example, in the 9.35 to 9.50 uw region, andros- 
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3(3).17(@) gives only one band at » 
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structure of newly isolated steronls ot bee 
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steroids having no hydroxy! groupe. cf welll fee 
mind that major bands tn this regio: Lew 
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Other Absorption Bands is at fee 
of the absorption bands in the infra-red of fe mete 
atomic vibrations. Most of these 
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show certain absorption bands in thee 
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First, all steroids so far investigated] with the comfimuretions \ give « 
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so far investigated which have this configuration give a major band near 
11.9 uw. In dehydroisoandrosterone, the band occurs at 11.9 uw, and in 
A°-androstenediol-3(8),17(@) at 11.96 u. It should be emphasized that this 
band is one of the bands of major intensity in the spectra of compounds hay- 
ing the structural configuration in question. This point is stressed since 
nearly all steroids having the structural configurations C give a band of 
moderate to weak intensity near 12.0 wu. 


| | | | | | | 


HO H HO H HO. H HO H 


Although many of the bands in the infra-red spectra of steroids cannot as 
vet be assigned to specific interatomic vibrations or related to definite 
structural configurations in the molecules, they are nevertheless of great im- 
portance in the identification of steroids and in their differentiation by the 
method of infra-red spectroscopic analvsis. Largely because of such bands, 
this method permits a ready differentiation between steroidal isomers. A 
comparison of the spectra in this paper shows that this is possible not only 
for chemical isomers, such as testosterone and dehydroisoandrosterone, but 


also in the case of steric isomers, such as androsterone, 1soandrosterone, and — 


3(a)-hydroxyetiocholanone- 17. 


SUMMARY 


1. The infra-red absorption spectra from 2 to 12.4 uw of various androgens 
and related steroids have been presented. 

2. Certain absorption bands in these spectra have been discussed in 
relation to the chemical structure of these compounds. 

3. Infra-red spectroscopy constitutes a method of value for the analysis 
of the chemical structure of steroids. 


We wish to acknowledge the technical assistance of Miss Alice Stohl and 
Mrs. Mildred Groves. 
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A CHICK GROWTH FACTOR EN MERNE 


I. ITS NON-IDENTITY WITH CICK 
PREVIOUSLY 


By MAN RUBIN exo 


(From the Bureau of Animal lye sll are » 
Ver 


Hammond (1) reported the feeding of eow grew 
ens. He found that it improved the rate of growth whem aeleled to bee 
grade growing diets. The addition of dried cow to @ diet diel 
not make it any better. Hammond (2) reported beter thet dried cow 
manure supported growth and efficieney of feed a» 
proximately as well as alfalfa leaf meal when added to @ pemetieal war fem. 
diet containing sardine fish-meal. Whitsom ef pew 
of dried cow manure and 3 per cent of sardine fieh-meal were albert o pracedly 
effective in improving the growth of chicks fed a diet cout mime > per 
cent soy bean oil meal and no animal protein. ‘These 
that the substance contributed by cow manure (oe Het Peete of 
the chemically characterized vitamins. 

This paper shows that the growth 
with anv of the uncharacterized growth 
essential for the chick; namelv, the tector 
factors R and S, vitamins Byy and By, and folre 

It has been reported (4) that there are three 
Each factor has been isolated from a different ope 5 
another from Veust (5), and the third from a 
evidence thus far reported (6) indicates that the reeemthy 
acid (Lederle) is identical with the case frame 
the antianemia and chick growth factor, firet few Pisce 
rott (7) and obtained in ervstalline form: bow be 
Stokstad (5) to be identical with the 1. case: 

Two of the three Lactobacillus case: taetows 
quired by the chick. The factor fron liver tee vere 
(7-11) for the prevention of anemia and the ef Tis 
the prevention of anemia and the cf tly 
when the basal diet is fed alone and supplemented woth Wi» pew ot 
diet. The report of Campbell al. (12) shows thet 
anemia and promotes growth at the samme Chee cm cle of 
crystalline material. 
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Hutchings ef al. (4) stated that the Lactobacillus casei factor from a fer- 
mentation residue was “active in the nutrition ot the chick.” Scott eé al, 
(13) reported that this factor and either ea-pvracin lactone or B-pvracin 
lactone are required tor the complete prevention of macrocytic, hypochro- 
mic anemia in chicks. The normoeytic, hypochromic type of anemia de- 
veloped when the L. casc7 factor was supplied without one of the pyracin 
lactones; the macrocvtic, normochromic type of anemia occurred when 
3-pyracin lactone was added to the diet without the . casei factor. Daniel 
cfal. (14) have reported on the formation of fohe acid (a marked increase in 
Streplococeus lactis R activity) when the L. caset factor from fermentation 
residues was incubated with a- or 3-pyracin lactone in chick liver bret. 

Factor was first prepared from veast by Stokstad and Manning (15) in 
1938. They presented evidence to show that this factor, when added to 
their basal diet, stimulated growth of chicks. The growth factor was tound 
to be present in large amounts in alfalfa, middlings, wheat bran, and veast. 

Factors R and S were concentrated from extracts of veast by Bauernteind 
etal. (16) in 1988. The chick’s need for factors R and S was confirmed by 
Hill e¢ al. (17). These workers also showed that factors R and S are not 
identical with folie acid, Lactobacillus casei factor from liver, or vitamin B,. 

Briggs ef al. (18) reported the existence of twe water-soluble vitamins 
needed by the chick. One, essential for proper feather formation, was 
named vitamin 13,9; the other, necessary for growth, was named vitamin By. 
Both of these vitamins were obtained as concentrates from solubilized liver 
(Wilson’s liver fraction L). Reporting on the distribution of these unidenti- 
fied vitamins, these authors state, “liver and brewers’ veast are the best 
sources, adequate at 5 per cent of the diet. Linseed oil meal, soy bean oil 
meal, alfalfa leaf meal, and grass are comparatively good sources.’ 

Mitchell e¢ al. (19) reported the concentration of a factor (folie acid) from 
spinach. ‘This factor was active for both Lactobacillus caset and Streptococ- 
cus lactis R. Hutehings ef-al. (4) have reported that the three L. casez fac- 
tors (from liver, veast,and fermentation residue) appear to be different from 
folie acid obtained from spinach. They base this statement on absorption 
spectra of the four factors. Briggs. ef al. (20) showed that a concentrate of 
spinach folic acid obtained trom Mitchell’s laboratory promoted growth 
tosome extent when added to a basal diet deficient in vitamin 8,;. | This 
growth was ascribed to vitamin By, activity in the folie acid concentrate. 
No information has been found in the literature to indicate that the folic 
acid of spinach is required by the chick. Briggs et al. (18) reported that 
maximum growth of chicks was obtained on a purified diet containing 17.5 
» of added folic acid per 100 gm. of diet. Hill et al. (17) indicated that the 
folic acid requirement appeared to be less than 15 y per 100 gm. of diet. 
These two figures were not based on spinach folic acid concentrates, but on 
the activity of the diets for 1. casei and lactis R. 
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chicks were reared in electrically heated bette 
conditioned room. All experiment= Gere eferted 
terminated at the end of 6 weeks tee 
38.0 per cent, barley 20.0, alfalia leal 
butv! fermentation solubles 24) 
steamed bone meal 1.5, limestome 
MnsSO,-4H.O) 0.7, and vitamins amd eof 
of vitamin D, 2000 U.S. P. units of \ tee 
gin. of this diet were added 50 of 


acid hydrochloride. The Vartoti 
weight of corn in the diet. 

In order to determine the beet 
reported in the literature and the chuck 
study of the hemoglobin and hematocrnt \alees © @eek 


made. The hemoglobin and hermatoert 
chicks that had been reared on the bee! cdeet fee 
hemoglobin and hematocrit: Che iy 
cent and 29.1 per cent respectively 
the chicks ted cow manure, Whose averse & agh Dam 
values were 11.7 gm. per cent and SOL5 pew com 

Evidently the hemoglobin and few 
normal. The addition of per cent of fee 
any significant changes in these blood ses 

Yeast Is if good source ot factors =. 


Butvl fermentation solubles are a good of Cie 
mins and probably many of the uuniclent 
designed to determine how the addition of Comet oe 
bles to the basal diet would affeet the growth of 
this experiment were some groups ted 
compounds, Scott el al, (21) reported wa 
for the promotion of growth and 
supplements fed and the average wenght« of the chee of © 
listed in Table I. 

The results of this experiment show that 


solubles do not contain anv substamee well) 
growth taetor in COW MH Neither roe Lowe teow Pee A 


These yeust samples were teste dd for 
Mr. Robert Lillie and Dr. G. M. Brigwe. 
were foun lto be potent Sources of tooth 
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related compounds showed any beneficial effect on growth at a level of J 
mg. per kilo of diet. 

Alfalfa leaf meal is a good source of factor U.  Solubilized liver is the 
material from which concentrates of vitamins Bio and B,, have been pre- 
pared. In Experiment 2 the basal diet was supplemented with these mate- 
rials in order to determine whether they would contribute anything to the 
growth potential of this diet. The supplements fed and the average 
weights of the chickens at 6 weeks are listed in Table I. : 


| 
Results of Feeding Vartous Supplements Containing Unidentified Fuctors 


Average weight of chick. 


| | None 330.3 
COW Manure 427.5 
butyl fermentation residue 311.5 
| 5% yeast (Anheuser-Busch strain (i) | 299.7 
§°, (Fleischmann) 312.8 
Pyridoxamine dihydrochloride (1 mg. per kilo 289.7 
diet) 
Pyridoxal hydrochloride (1 mg. per kilo diet) 311.3 
Pyracin lactone (1] mg. per kilo diet) 295.1 
None 302.0 
451: 2 


Cow manure 


alfalfa leaf meal 206.8 
3°, Wilson’s liver fraction I. 473.2 
3 None | 214.2 
Folic acid (Lederle synthetic) (1 mg. per kilo 215.3 
diet) 
choline chloride 239.9 
Folic acid (1 mg. per kilo diet) + 0.1°;) choline 248.6 
chloride 


Alfalfa leaf meal did not contribute any of the deficient growth substance 
to the basal diet. However, solubilized liver was a very potent source ot 
the substance in which the basal diet was deficient. In this experiment and 
in all other experiments related to this problem, the feather growth of the 
chicks on the basal diet was normal. 

During the course of these experiments the synthetic folic acid (Lederle) 
became available. Experiment 3 was planned to determine whether this 
synthetic compound would have any effect on chick growth when added to 
the basal diet alone or with an additional 0.1 per cent choline chloride. The 
supplements fed and the average weights of the chickens at 6 weeks are 


listed in Table I. 
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Tt is evident that synthetic folie acid (Lederle) diel get 
growth-promoting properties of the besa! chet 


DISC LSSiON 


That the growth factor of cow manure not af 
previously reported growth factors is evident. [Tt 
promoting properties of the basal diet, whereas the ot hen 
dients containing them do not. Deficieney of the 
causes anemia chicks, which parallels poor growth 
scribed here prevents anemia but does not suppert 
more, synthetic folic acid (Lederle) and leetome diel met 
growth when added to the basal diet. “These 
cannot be identical with the growth factor of cow eee. 

Yeast is a good source of factors U, R. amd amd 
Two different veasts when fed as 5 per cont of the 
growth-promoting effect of cow manure. heel 
source of factor U and a fair source of vitamins aimed 
late growth in these experiments. ‘The basal cet fee 
vitamin Byy because it supports normal feather growth Thee. 
factor in cow manure is not identical with factor 
or By. 

Solubilized liver as well as cow manure proved to be ef eof 
stances which promote growth when added te the chet. 
fermentation solubles did not. 

It was reported previously from this (2B) Chet 
chicks fed this same basal diet was stimulated bw Che 
choline chloride in combination with either 2 mg. of 
0.4 mg. of pyridoxine hydrochloride per 100 gm of diet. alt 
diet was calculated to contain more than adequate quantethee ef off Chee 
these vitamins. That cow manure does not owe tte 
properties to such a combination of known 
tionation experiments to be reported in another paper 2 


StU 


Evidence has been presented to show that the of ce 
nure is not identical with the Lactobacillus case: 
fermentation residues), factors U, R, or S. ee 
folic acid (Lederle), or pyracin lactone 
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A CHICK GROWTH FACTOR IN 


If. THE PREPARATION OF CONCENTRATES 
OF THh TOM 


By MAN RUBIN «se 


(From the Bureau of Animal Industry, Ae Mow " 
Vey 


In a previous report (1) evidence was teed 


unidentified growth factor for the chick woe te! 
This paper Is a report: on methocks for the of 


substance. 


NTE OF 


Fresh manure containing little or ne urme wae on 


through a 3/16 inch screen. femme’. 


diameter, set in a 4 liter vacuum flask, wee few 


A No. 2 Whatman filter paper was places the (he © 


on, and 450 gm. of ground manure 
around the edge of the tunnel (Pre Gee 
filter paper, and finally boiling water ete Che 
manner that the entire surface of 


simultaneously. The boiling water wae of 
that there Was only il thin Vater the 
this procedure was followed correetly, it 4 


of boiling water over the manure tee 10) 


of water to pass through inte the Meek 


nure twice. Alter the ul) iu. = 


tracted again. A sample of S008) gee 
extract contained 444 gm. of air-cirieed 


ee 


moisture content and to smal! op 

also prepared with 50 per cent ethyl of 
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“wean 
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solids and the residue weighed 3004 gm. The difference of 128 gm. may be 
explamed by the same reasons previously stated. 

The chicks used were day-old Rhode Island Reds. There were twenty- 
fhwe chicks toa group. The chicks were reared in battery brooders in all of 
theexperments. The basal diet has been described (1). The supplements 
tested replaced an equal weight of corn in the basal diet. The supplements 
led and the average weights of the chickens at 5 weeks of age are listed in 
nl ] 

The results of Experiment | show that the growth factor was extracted 
ly bowling water and by 50 per cent ethy! alcohol at 50°. It is also evident 
that the method of extraction was not very efficient; the extracted manure 
eontamed considerable growth potency. 


TABLE | 


Growth Tests with Cow Manure Eatracts 


Average weight 


apormment No Supplement of chickens 
at 5 wks. 
| gm. 

None 244.0 

dried cow manure 

aqueous extract of manure 219.6 

extracted residue of manure | 293.0 

aqueous extract and 6.410, residue 

104°, aleohol (50°,) extract of manure | 273.6 

extract and 6.746, residue 274.6 


Least significant difference 29.5 gm. (19:1 odds) 


in kxpermments 2 and 3, extracts of cow manure were made with three 
organic solvents, 95 per cent ethyl alcohol, chloroform, and ether. These 
extracts were made by allowing the dried ground manure to soak for several 
dave m a large excess of the solvent. The residues were removed by filtering 
through a Duachner funnel and reextracted in a similar manner. However, 
the chloroform and ethyl alcohol extracis were heated to 50° before they 
were Liltered. The solvents were removed from the éxtracts by distillation. 
(hloroform and aleohol were removed at a bath temperature of 50° under 
reduced pressure. The chicks were Rhode Island Reds and the rearing pro- 
cedure Was the same as for Experiment 1. Supplements ted and average 
weahte of the birds at 6 weeks are listed in Table II. 

The results of feeding extracts of cow manure made with organic solvents 
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show that 95 per cent ethyl alcohol wae few Oke 
but, like water, it did not bring abort « 
insoluble in chloroform and ether 

Experiments and 6 were a test of of the « 
tract and at the same time a determination of some of Oe peewee os 
the growth substance in the extract bach 
six 1-day-old Rhode Island Red chicks. few 
plement, which replaced corn in the besa! all were 
to the basal diet. The supplements armed the aver wenghhe cre 


in Table III. 


tf 
Growth Tests with Fraction« 
| | 
Experiment No. | Supple. 
2 | None 
So, cow manure 
| O.16°, ethvl aleohol ) extemet . 
3 | None 
| So, CoW manure 
ether extract = cow 


| Least significant difference 42.5 gm 


The heated manure extract was first grownd to perwelee 
heated at 100° in the dry state for 1 hour. The dialeek Preparations wer 
made by filling a cellophane tube with the filtrate freee 
allowing it to dialyze into distilled water until no eolew through 
took several days; therefore, the whole process Was carried out mm a cefeie 
erator at 10° in order to prevent putrefaction. "The 
tions could not be kept very long even at refrigeration tetnperatteree ae (Re 
became putrid in a few days. Experiment 6 was designed to determine 
Whether autoclaving the filtrate solutions at 120° and 1S 
for 15 minutes would destroy the growth ubetanee 
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}aperment 5 showed that the aqueous extract was potent when ted at a 
wvel of 125 mg. per 100 gm. of the diet. The growth substance in manure 
sae not destroved when heated dry at 100° for | hour. It did not dialvze 
through « cellophane membrane. Evidence was obtained in Experiment 6 
that the extract after autoclaving for 15 minutes at 120° and 15 pounds pres- 
“ure Was potent when fed at a level of 0.75 per cent. Lower levels were 


rant 
neres and Properties of 
Average weight 
Supplement of chickens 
at 6 wks. 
um. 

None 282.0 

271.8 

244.7 

cow manure 304.0 

0.125, dried aqueous extract 322.0 

336.0 

125, extract heated at 100°, 1 hr. 325.8 

Manure filtrate dialvsate = 0.75°, dried extract 284.0 

dialvsis residue <= 0.75, dried extract 323.7 

None 203.2 
ISS 

279.0 

260.8 

Autoclaved extract <= 0.75% dried extract 349.5 


| huring the course of these experiments it had become apparent that the 
chicks used were not suitable, The differences between the negative and 
positive controls were often too small; there was also a great deal of varia- 
bility among the chicks. It was decided to test the progeny of hens fed 
different diets. There were four hen diets involved; these are tabulated in 
Table IV. 

Diet 311 was an all-plant protein diet containing 30 per cent of soy bean 
oil meal and in many respects was very similar to the chick basal diet. Diets 
$12 and 315 had high levels of fish-meal and Diet 314 was the same as Diet 
$11. except that 5 per cent of cow manure replaced 5 per cent of vellow corn. 
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‘These diets were ted to cross-bred betas Heel 
Rock) mated te New Hampshire males. ‘The chiek« were teeted 
ment 7. The maternal diets, the diets teal the the 
weights of the progeny are listed in Table \ t ofl 
were fed the basal diet for the Ist week of Tite. 
each group. On the Sth dav thev were divided mte groem of opm 
mately equal average weights and given the 

The results of Experiment 7 indicated that fe 
cow manure in the hen’s diet foe the 
enabled them to grow as well on the ehitek Ole chet 
supplemented with 5 per cent cow mantur treet 
property. In subsequent experiments, only @heee des 


Tansee 
Preeti 


The diets are given in per cent 


Ingredient- 


Alfalfa leaf meal 7 

Sov bean oil 
Limestone 

Butyl fermentation solubles as 


Salt (940, NaCl: 6°, Musso, 

lodized salt 
Vitamins and ID feeding oil 
Sardine fish-mea! 

Dried cow manure 


Diet 311 were used; they were seleeteed om the chew. 
the basal diet for a week. 


The fresh manure extracts had «a pil of te 
that when the autoclaved extract wae woth etl « 
solution in the pH range 3.0) ter fee 
met with failure because of cloggimg of the come 
paste in an oven at 45° and thet tee 
acid-soluble material was Very by \ tent od thenw wa 


made in Experiments ane “The feel 
of the chickens at 6 weeks are tabeshetee! There were 
in each group. 


| 


Bus CHICK GROWTH FACTOR. II 


The results of these experiments showed that the major portion of the 
activity was precipitated by acid. 
The dried acid precipitate fraction was insoluble in distilled water.  How- 


TaBLe V 


he fleet of Maternal Diet on Growth Potentialities of Chicks 


Average weight of progeny 


MMernal diet No Supplement to chick diet ot 6 whs. 
gm. 
None | 363.0 
394.0 
$11 oo, Cow manure | 494.0 
$12 | None §12.5 
312 524.6 
$12 ao COW WWanure | 441.3 
None | 447.0 
$15 | 497.0 
BLS 54, cow manure | 465.3 
315 455.8 
None 
$14 $77.0 
314 cow manure 475.6 
TaBLe VI 
Potency of Fractions of Manure Filtrate 
bLxperiment No. Supplement weight of 
, chickens at 6 wks. 
gm. 
None 474.8 
ao, cow manure 533.6 
| 0.26, acid solubles (pH 3.0) 489.0 
| 0.2% ‘“* ppt. (pH 3.0) 538.5 
| None 351.2 
204.6 
5°, cow Manure 426.6 
0.05, acid solubles (pH 375.8 


0.05°° ppt. (pH 3.0) 130.3 


ever, it dissolved slowly when the solution was adjusted to pH 7.0. This 
was done by adding a concentrated solution of NaOH dropwise with stirring 
until neutrality was nearly reached and then continuing to add a more dilute 
alkali solution. 
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When an equal volume of saturates (NEE. 


per cent solution of the acid precipetate « 


centrifugation. Nl ost the origitial fret e ris » tere pee’ 


(NH,4)os de A negligible «of rim! me 
precipitate twice with a half saturated of 


ings and the original solution were Thee 


moved from both fractions bw 


The fractions produced with half <etureteed wom 


Experiments 10 and The feel the 


the chickens at 6 weeks are lixted om VE weve esx 
each experimental group 


1) None 
St, cow manure 
Half saturates? (NEE 


None 
| acted t tes 


It is apparent from the weeks 


in the solubles. This fractions. whet: feel ot te 
0.07 per cent of acid precipitate, 4 


» 


repetition of Experiment 10. “The tell (NPR cee) 
tions were tested at cifferent wil 


stimulated the gro. ih of chicks ame woe 
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vitamins. ‘This factor was shown by Rubin and Bird (1) to be different 
from the previously deseribed growth factors required by chicks. 

In this report a method for extracting the new growth substance from cow 
‘manure is presented. The growth faetor was found to be soluble in water. 
50 per cent ethyl aleohol, and 95_-per cent ethyl alcohol; it was insoluble in 
ehlorotorm and ether. It was stable in the dry state at 100° for | hour, and 
was not destroved by autoclaving in solution for 15 minutes at 120° and 15 
pounds pressure. [t did not dialyze through a cellophane membrane. — It 
Was precipitated from solution at pH 3.0.0 A method ot concentrating the 
growth factor has been developed. Optimum growth was obtained when 
only 3.75 to 7.5 mg. of the concentrate were added to 100 gm. of diet. 

It has been pointed out (1) that the growth of chicks ted the basal diet was 
stimulated by feeding high levels of calcium pantothenate or pyridoxine 
hydrochloride in conjunction with O.10 per cent of additional choline 
chloride. The growth-promoting activity of the cow manure concen- 
trate cannot be ascribed to these vitamins. The total weight of the pure 
Vitamins required exceeded the amount of the crude concentrate which was 
active at 3.75 to 7.5 mg. per LOO gm. of diet. 

Hens that were supplied with dried cow manure or fish-meal transmitted 
enough of the growth substance to ther chicks so that the chicks had more 
than an ample supply in their bodies to last at least 6 weeks, and hence were 
able to grow well when fed the basal diet. 


SUMMARY 


1. A method of extracting and concentrating the growth factor of cow 
manure has been developed. The tactor stimulates the growth of chicks 
fed a practical diet free of animal protem. The most potent concentrate 
obtained supported optimum growth when fed at levels of 3.75 to 7.5 mg. 
per 100 gm. of diet. 

2. The factor is stable to heat in the drv state at 100° for 1 hour and to 
autoclaving in solution for 15 minutes. It will not dialvze through cello- 
phane. The factor is moderately soluble in water, 50 per cent ethyl alcohol, 
and 95 per cent ethyl aleohol; it is insoluble in chloroform and ether. 

3. The factor can be transmitted from the hen through the egg to the 


chick. 
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CIENT GUINEA PICGh UNDER 
ANONIC’ CON DHT 


Although there has been much effet eapemeleed oe of Oh 
possible role ot whic sigute cow ve hel pe 
remains obscure. 

Sigal and King (1) showed that the woe 
lowered in a group ol guiness m acted 
that the tolerance tell further they chew 
deficiency was maintained, ame thet treet wet 
the tolerance to normal in 15 (2) thet tie 
glycogen of scorbutic guines Wae of 
of the deficiency and the miumsele 
reported decreased glucose tolerance and leer 


chronic SCUrVy the glycogen the levee wae 


in the normal animal. The liwer ghweeem wee 
stages of scurvy and the musele ghweogem af (he 
of the heart was not afleeted 

Involvement of the aclremal ame thewwewel 
to ascorbic acid deficiency has heen La Mew © 
(6) first reported increased size of the 
and this has been confirmed by sewera!l othee 7 i” 
most recent report is that of 
found in a series of twenty-five pairs of (et Oe 
age weight of the adrenal glands of the ee 
of ascorbic acid-deficient animals 257 “The 
osition, in the adrenals of scorbutie beet off of 
studies the effect. of inanition Was mot 
McHenry (11) compared the cf 
of normal animals which had rest rreteed fee the 
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CARBOHYDRATE METABOLISM 


the deficient group and found by microscopic examination no differences 
in the adrenal glands. Baldwin, Longenecker, and King (10), likewise 
using paired animals, found increased size of the adrenals of the deficient 
animals but no changes in their lipid content. 

No studies of the effect of ascorbic acid deficiency upon the behavior of 
animals under anoxia could be found. When Sacerdote (12) subjected 
normal guinea pigs and rabbits to mixtures of nitrogen and oxygen in which 
the concentration of the latter was gradually reduced to 3 per cent in 10 
hours, there occurred a notable increase in the ascorbic acid level of the 
blood and a decrease in the ascorbic acid content of the adrenals. No 
observations were made on the carbohydrate metabolism. 

Wertheimer (13) found no change in the blood sugar of guinea pigs, pre- 
sumably normal, kept for 3 to 11 days at 340 mm. pressure, little change in 
the liver glycogen, and none in the muscle glycogen. 

The response to anoxia of pair-fed normal and scorbutic guinea pigs 
might be expected to offer some index of the condition of the adrenal glands, 
since it is now believed (14) that adaptation to anoxic conditions is de- 
pendent on the mediation of that gland. 

Several reports of abnormal oxygen consumption in the later stages of 
scurvy have appeared. Mosonyi and Kézdi (15) attributed this to hyper- 
activity of the thyroid, as did Hamne (5). Spence and Seowan (16), 
however, found no hyperplasia of the thyroid in acute scurvy and not in 
all cases of chronic scurvy. Térnblom (17) reported diminished oxygen 
consumption toward the end of the deficiency state. These contradictory 
observations made it seem worth while to study the oxygen consumption 
of pair-fed normal and scorbutic guinea pigs. 

This experiment was undertaken to determine the extent of carbohy- 
drate absorption, blood sugar levels, glycogen content, and oxygen con- 
sumption of normal and scorbutic guinea pigs under normal atmospheric 
pressure, and their utilization of carbohydrate under moderate anoxia. 
Some observations were also made on the weights of adrenal glands of nor- 
mal and severely deficient animals and on the lipid content of livers and 


CUPCaASSEeS, 


EXPERIMENTAL 


Young guinea pigs (350 to 400 gm.) of both sexes were used. ‘They were 
obtained from the laboratory colony and were paired carefully as to weight, 
sex, and litter origin. One of each pair was given no ascorbic acid but 
was allowed to consume the basal diet ad libitum. Each day the amount 
consumed was ascertained and the normal member of the pair allowed only 
that amount on the succeeding day. 
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The basal diet was a commercial rabbat fool! 
factory for the stock colony when SUppletnet teed with ac wl 
addition to the feed, the animals were each given 5 gee of wheel germs ene 
0.5 gm. of gray fish oil (20,000 units of vitemen wernly he 
normal animals were given by pipette LO mag. of fee 
week. All the animals were kept at « temperetace of 2) or 

The animals kept on this diet without ected 
veloped the first loss of appetite usually om the dew 
in 19 to 24 days, as was evidenced by extemeiwe hemorrhages of the Mom 
of the musculature, particularly of the lege ‘The often 
lived 35 to 40 days or longer after the aseortee acted ment wae 
moved from the diet. “The progress of the defhesemey 
pigs, maintained different lengths of time om the 
similar stages of scurvy, as manifested by hte of appetite ened of weneh 
inactivity, soreness of joints, and unkemptnes: of fer ‘The wes 
made to institute the final determinations om all the of (he 
stage of the deficiency so far as this was pe of (Re 
loss of weight of the scorbutic animals within dew fee of of 
the symptoms, the final weight of the morn! of 
usually 50 to 60 gm. the greater. 

not critical stage of scurvy, an event w hich teeally coeurtecd hetweem the 
18th and 27th davs on the diet, the carbohydrate of 
Cori and Cori (18) was applied at to beth of tie ‘Tie 
animals were allowed to fast for 24 hours. were Chem of 
solution containing 2.5 gm. of glucose, and were fete 
by injection of 1 ml. of 6 per cent sodium eet 

Blood was taken by heart puncture. The liwer wae weighed, (eemeeeeedt 
at once to a weighed, glass-stoppered Exrlenmewer Meek 
of hot 50 per cent KOT, hvdroly zed by heating im water beth 
cooled, and weighed. The gastrointestinal traet wae 
weighed, plunged at once into a beaker comtanimg to eel of 
KOH, and boiled until hydrolysis was complete 

Glucose absorption was determined by the metheel of Coe ame © 
(18), but only the small intestine was used, «mee ewom affee Geetiee Dy 


Company, Oakland, California, and made of alfalfa geen 
oats, SOY bean meal, wheat shorts wheat rte be 
strained bone meal, salt, and dried whew. It 
15.0, fat 2.3, fiber 19.0. ash aalte 1 om 


riboflavin 0.65. carotene O.5S. 
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hours the large intestine of the guinea pig still contained considerable 
amounts of organic matter. Trials on several animals showed that no 
glucose was present in the large intestine. 

The blood proteins and the protein in the digestive contents were pre- 
cipitated by the method of Somogyi (19). The blood sugar and the re- 
ducing value of the digestive tract were determined by the use of ceric 
sulfate, according to the method of Giragossintz, Davidson, and Wirk 
(20). Glycogen in liver and carcass was determined by the method of 
Good, Kramer, and Somogvi (21). Titration of the resultant reducing 
solution was carried out with ceric sulfate, and the reducing value of all 
titrations expressed as glucose. | 

In a preliminary experiment five pairs of animals were used to deter- 
mine any differences as to urinary excretion of sugar. “The normal animals 
excreted 115 mg. of reducing substance during 24 hours without food and 
the ascorbic acid-deficient animals 106. When 2.5 gm. of glucose were 
given and the urine collected for 6 hours, the excretion of the groups was 
45 and 35, or 180 and 140 mg. of glucose in 24 hours. Since the fasting 
excretion did not differ markedly from that following sugar feeding, true 
glycosuria was assumed to be absent and it was concluded that no signifi- 
‘ant effect could be attributed to the deficiency. Similar comparisons 
were not made, however, in the anoxia experiment. 

For the anoxia experiment the animals were also pair-fed. When the 
appetite of the scorbutic member of a pair declined, both animals were 
placed in the low pressure chambers and kept there without food for 24 
hours. No acclimatization was attempted, but the reduction in pressure 
was accomplished gradually. “The previous fast and glucose feeding used 
in the glucose utilization experiments were omitted, as was also the analy- 
sis of gastrointestinal contents. The animals were sacrificed upon re- 
moval from the chambers and blood sugar, liver glycogen, and body 
glycogen determined. | 

The low pressure apparatus? consisted of a series of 2 liter glass jars con- 
nected with the evacuating system by copper tubes sealed in the lids. 
The air inlet and outlet of the evacuating line were provided with a needle 
valve which allowed regulation of the adequately rapid air flow through 
the chambers. A calibrated mereury manometer inserted in the evacuat- 
ing line was used to indicate the pressure maintained, 349 mm. of Hg, cor- 
responding to 20,000 feet altitude (22). 


Results 


Glycogen and Blood Sugar, after Glucose Ingestion--In Table I are given 
the results obtained with three groups of animals. The differences  be- 


* The apparatus was designed by V.V. Herring, Institute of experimental Biology. 
Lniversity of California, Berkeley. 
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tween the normal and ascorbic of come 
order in all the Lroups. It is evident thet the 
deficient guinea pigs was lowered sinee then 
greater than that of the normals in all cases. The 
of the normal animals was im all three greater of the 
sarcass and to the proportion per LOO of of 
ability of these values was large, teed the of 
ence not evident, except in Group TED, the of 


mal 
ficient 
* 
ficient 
er 
21.27 davs de o2 tl ‘aie one 
ficient 


were a more advanced and uniform «tage of were 
of Groups [and 

indicated by the larger reducing walue of thete 
That absorption was complete in 6 the ease of Che 
Was ascertained by allowing twelve normal te feet 
alter which they were sacrificed and the reducing of the 
testinal tract determined. The average content wae of 
about the same quantity found in the normal 
after glucose had been given. The difference im between 
mal and deficient animals was consistent ane leet nef «fring 
when the difference in weight of the animale 
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testinal absorption has been observed in various other conditions, in adren- 
alectomized, fasting, and in thiamine-, riboflavin-, or pantothenic acid- 
deficient animals. 

These differences (Table I) in blood glucose and glycogen levels between 
normal and scorbutic guinea pigs are in agreement with those described in 
earlier reports (1-5). 

Carbohydrate Metabolism under Anoxia—Vhe differences in carbohy- 
drate utilization between the normal guinea pigs fasting 24 hours. at sea 
level and at 20,000 feet altitude were not as striking as were those found by 
Evans (23), Lewis ef al. (14), and others for rats. The blood sugar level 
Was significantly raised, but the liver glycogen was not significantly in- 
creased and the carcass glycogen appeared to be significantly decreased 


(Table II). 


Tannin Il 

Keffect of Anostc Anoxta on Carbohydrate Levels of Fasting Normal and Ascorbic Aetd- 
| Deficre nt Guinea Pigs 

| No. of Liver glyco-| Body co- Bk 


Experimental group vod sugar Body weight 


animals | gen gen 

ms. per cent mg. perceni mez. percent 

Normal, sea level 6 (414417 307 +11) SI+ 4 469 
(370-540) 

20,000 ft. (349 mm. Hg) | 14383 8] 267 109 a 
| | | (400-570) 

Deficient, sea level 5524 230-+ 6) 428 
(370-500 ) 

20,000 Tt. (3649 mm. Hig) 12 | 610 + 14) 308 + 23;}118 + 9 410 
| | | (350-570) 


The deficient animals also had increased blood sugar levels under the 
reduced atmospheric pressure and significantly increased liver glycogen 
and carcass glycogen. The levels of glycogen deposits attained were, 
however, in no case comparable with those seen by Lewis et al. (14) in 
normal rats and rabbits and by Wickson and Morgan (24) in rats under 
similar conditions. 

Size of Adrenals—Thirteen pairs of widens which had been pair-fed for 
19 to 27 days were used to determine the relative weights of the adrenal 
glands. The body weights of the normal guinea pigs ranged from 400 to 
510 gm. with a mean of 440 + 6 gm. and those of the deficient animals from 
372 to 442 with a mean of 418 + 2 gm. In all but two of the pairs the 
weight of the adrenal glands was greater in the deficient than in the nor- 
mal member, the mean of the former being 294 + 8 mg. and of the latter 
249 + 7mg. The weight of the adrenals of the deficient animals was 0.71 
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mg. per gm. of body weight and of the normal O.57 eae. Thee comets 
to the observations recorded by others (10 

Fat Content of Livers and Carcasses-—Sinee all the 
lost weight rapidly as soon as the deficienew wae eetellehed © eee of 
interest to determine whether this was due echeefiw te fet of wetew bee 
As is shown in ‘Table III, total carcass om 
the hydrolysates (25), were nearly the same im all the gree, cieefietemt one 
normal, whether exposed to anoxia or mot. “Thee 
determined were increased in the anoxic growpe, beet Chere 
significant difference between the normal amd 
stroem and Michaels (26) found that rats expemeed te lew of 
veloped fatty yellow livers, a condition duplicated these 


ttl 
Liver and Carcass Lipid Conte ni af \ ormal and 
Condition 
if nai 
Bow 
Normal, no anoxia 5 i7s wm S see 
Deficient, ex] l to anonxiat 12 i160 


* Body minus gastrointestinal tract and liwer 
t 24 hours at 349 mm. of Hey. 
Right animals only used for carcass analyse 


Because it has been shown (27) that scorbutie Cheese 
stages of the deficiency remain in nitrogen equilibria, i mew he compe 
tured that protein catabolism is not the cause of the aleupt went lee 
‘and since there was no demonstrable change in fat comtemt of Che beet 
the loss may probably be ascribed to dehydration 

Baldwin, Longenecker, and King (10) hawe alec 
and ascorbic acid-deficient pair-fed guinea pigs the groee of 
in livers and carcasses were alike. 

Oxygen Consumption in Ascorbic Acid Deficiency The gem 
tion and carbon dioxide production measurements were mecde be Di Mas 
Kleiber,’ with his apparatus designed for metaboliem week with 
animals (28). Two seties of tests were run, the first om ambemele feed ae 
hiitum, the second on pair-fed groups. The animale were 
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previous to the tests, during which time they were kept im an air-condi- 
thoned room at » temperature of 30° with free access to water. The test 
period was 5 hours in length. Two groups of guinea pigs of seven pairs 
each were used. The body weights were nearly the same, since the de- 
fieiency had been in effect only 15 to 30 days. The oxygen consumption 
of the normal animals corresponded to the production of 36 calories per 
day or 106 and 89 calories per kilo. The energy output of the deficient 
animals was 40 and 38 calories per day per animal or 100 and 92 per kilo. 
The respiratory quotients were the same, 0.74 to 0.78 for all groups. The 
calories per day per kilo‘ were 80 + 3 and 71 + 2 for the normal groups, and 
70 + dand 73 + | for the deficient groups. Thus, there was no difference 
in energy output between normal and deficient animals. ‘The conclusion 
may be drawn that the abnormality in carbohydrate metabolism observed 
in this study was not due to deranged thyroid function. This conclusion 
was borne out by the histological findings. Microscopic examination of 
sections of the thyroid of the deficient animals gave no indication of hyper- 
plasia of the epithelium or other abnormality. 
DISCUSSION 

(nder the conditions of this experiment, under normal oxygen tension, 
ascorbic acid-deficient guinea pigs appeared to be somewhat less able to 
form glycogen than the pair-fed control animals. This might indicate 
exeess epinephrine secretion in the deficient group, as has been suggested 
by Banerjee (29), or participation by the ascorbic acid in the process of 
glveogenesis or in the prevention of glycogenolysis. 

Under reduced oxygen tension for 24 hours the fasting normal animals 
were unable to increase their liver glvcogen and actually lost muscle glyco- 
gen. But the deficient group under these circumstances definitely in- 
creased both liver and body glycogen. ‘This may indicate exhaustion of 
epinephrine or dampening of its effect (30, 31) in the deficient animals under 
anoxia and stimulation of glyconeogenesis through mediaticn of the adreno- 
cortical hormone (14). The normal animals apparently resisted these 
changes, possibly because ascorbie acid exerts a protective cflect upon the 
secretory activity of both the adrenal medulla and cortex (29). Glyco- 
genesis under sea level conditions was favored by the presence of ascorbic 
weid but glyconeogenesis under anoxia was prevented thereby. The effect 
may be direct or through changes in the activity of the adrenal secretions. 

A comparison of the fasting metabolism of normal and_ riboflavin- 
deficient rats by the same technique indicated lawered blood sugar and 
liver and body glycogen at ordinary pressure in the deficient animals and 
little increase in carbohydrate levels under anoxic anoxia (24). The nor- 
mal rats responded under anoxia with increased blood sugar and liver glyco- 
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gen. Apparently the mechanisms affecting 


through riboflavin are different from those affeeted bw aeearhee aed 


SUMMARY 


Ascorbic acid-deficient guinea pigs were found to 
higher blood sugar and probably significantly lower liver and careaee elves 
gen than the pair-fed normal animals 6 hours after they were fed elec 
following « 24 hour fast. The intestinal absorption of the some woe lee 
complete in the deficient animals. 

When similarly paired but fasting animals were exposed bo ame 
349 mm. of Hg for 24 hours, the deticient group was able to qeeneten o 
increase blood sugar and glycogen stores more effeetiy ely the mew 
mal. Fasting deficient guinea pigs at ordinary atmospheric preewre hed 
lower carbohydrate stores than did those under amonie, bet thee wae met 
true of the normal animals. 

The ascorbic acid-deficient guinea pigs were found to hawe @ engmefheamth 
increased size of adrenals, as compared with their paired eomtrob: 

The lipid content of livers and carcasses of the defeent 
found to be nearly the same as in the normal, whether the amummehe feed heee 
subjected to anoxia or not. The sudden loss of weight tm the feemer « 
therefore probably due to dehydration. The liver liped values eer 
creased in both groups after exposure to anoxin 

Oxygen consumption was not altered by the 


and no changes were seen in the thyroids. 


The reduced glycogenesis and increased blood suger ethebeted be 
bic acid-deficient guinea pigs following glucose woth 
theory that the adrenomedullary mechanism hypermetiwe Chee cet 
ciency. The increased size of the adrenals, raped amd ely 
coneogenesis of the deficient animals under anoxie oom 
pensatory hyperactivity of the adrenocortical meechemeerm 
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THE EFFECT OF VOLUNTARY OVERBREATHING. 
ELECTROLYTE EQUILIBRIUM OF 
BLOOD IN) \EAN 


By S. RAPOPORT, CHARLES D. STEVENS, GhORGE LL 
FERRIS, «wo MYRTLE as 


of Pi diatries. Vedi ‘ire an « 


Although there are numerous reports concerning the effeet lew 
lation on several of the constituents of blood, theewe met wet 
prehensive study of the changes in its clectrolwte strueture Tm the 
studies the alveolar CO. tension, the carbon dioxide of Oe 
blood, and the calcium and phosphorus contents of were 
(1). The results seemed to indicate that with raped fall the 
during hyperventilation the pH mav rise te hetweem 77 aad 
without changes of the CO. absorption curve of Che 
content of serum remains unchanged amd the 
creases. These high, indirectly determined pit walwes hawe 
by Peters and his coworkers (2) on the basi« of cme Che 
antecubital vein of one subject, which showed a pil walee of 7 
during hyperventilation. These observers also determimed the ane 
the protein contents of serum. They found a deereame 
and the total determined value of anions, an unexpeeted result i whew of (he 
expected reciprocal changes in bicarbonate and chloride, ame eengggeeteed (het 
lactic acid accumulation caused by muscular spasm wae 
their findings. Another contribution to this woe 
witzer-Meier and Meyer (3), who determined in the arterial bheme! of Cheee 
subjects the CO, content and combining power, and im their serwne the com 
ductivity, sodium, calcium, and chloride. With deereases the 
tension they found diminutions in the CO, content up to 75 eeillequwalent. 
per liter, and they calculated increases in pH walwes ae ae whole 
the CO, combining power remained unchanged. The comdwetiwitw oe 
creased on the average by 1.1 per cent, while the caletum did met cheng. 
The serum sodium and chloride varied erratically im their experienente 
In a later extensive study on capillary blood Shock amd Phaetingse (4) oe 
termined the serum pH and CO, content. They found that the CO) temees 
decreased rapidly during the first 3 minutes of hyperwentilation and ome 
what more slowly thereafter. It reached an average minke walee of 
14 mm. of mercury after 20 minutes, with a corresponding peak walee of 
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79 tor the pHi. After the hyperventilation was discontinued, the values 
returned to normal at a very rapid rate during the first 2 minutes and at a 
decreasing rate subsequently, complete recovery recuiring 15 to 25 minutes. 
The tnearbonate content decreased during hyperventilation at a rate of 0.2 
to OF oullequivalent per liter per minute, the maximum decrease varying 
from 4 to 7 milliequivalents. In the early stages of overbreathing the dis- 
placement of the acid-base balance proceeded along the path of the CO, 
abeorption curve of blood, while after longer periods there was evidence of 
of fixed acid. 

The most recent study, concerned with the changes in arterial and in- 
temmal jugular blood during brief periods of hyperventilation, was carried 
vut on three subjects by Nims and his coworkers (5). ‘They found that the 
arterial pH increased rapidly during the first 2 minutes at a rate of 0.1 unit 
per minute to values as high as 7.67 at the end of 5 minutes, while the 
changes in the venous blood were of smaller magnitude and proceeded at a 
slower rate, so that the arterial-venous ditference increased during hyper- 
ventilation. The CO, content decreased markedly in the arterial blood, 
but to a small extent only in the jugular blood. The arterial lactic acid 
mereased by 0.2 to 0.5 milliequivalent per liter during, the 5 to 6 mutiute 
periods of hyperventilation, while the corresponding change in venous blood 
ware 0.3 to 0.6 milliequivalent. | 

The effect of pH on the distribution of the electrolytes in blood has been 
studied by several observers in vitro in connection with tests of the validity 
of the Dot nan theory concerning the water and electrolyte equilibria on two 
sides of a -emipermeable membrane. The pioneering study which embodies 
the most comprehensive theoretical treatment of the problem was carried 
out by Van Slyke, Wa, and McLean (6). They found that the distribution 
of electrolytes in blood cells and serum followed in a general way Donnan’s 
theory. Later studies, while providing several corrections in the numerical 
values of their estimates, have tended to support the main thesis (7, 8). 
it appeared to us of particular interest to study voluntary hyperventilation 
with a view to testing the effect of pH changes on the distribution of 
electrolytes in vivo, because of the great variations expected, the rapidity 
of the effeets, and their reversibilitv. Under such conditions the changes 
in electrolyte distribution should be primarily dependent upon variations 
in the ionic equivalency of hemoglobin, in contrast to the results of a pre- 
viows study on the electrolyte distribution during pyloric obstruction, where 
changes in the organic phosphates predominated (7). 

That the chemical effect of hyperventilation is not limited to changes in 
the electrolyte distribution is indicated by the finding that the inorganic P 
of plasma decreases, and ketonuria occurs, The physiologic changes are 
not confined to the occurrence of tetany, but also include changes in con- 
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sciousness, Which are associated with variations from the oe 
electroencephalogram (9). Since such effects may well be asoeheted woth 
changes in the electrolytes, it was decided to inelude om thee «tude Oh 
determination of the morganic P and potassium content of the «enw. Thy 
interrelation between the pattern of the electroenecephalogream amd Up 
changes in the electrolyte structure of the blood will be diseteewd eheew teem 


ELAPEKIMENTAL 


Seven normal men served as experimental subjects. “Thee stelypeet 
the laboratory, without breakfast, at 8 a.m., undressed, and «tretehed om 
abed. Half an hour later a needle fitted with an obturator was placed mm the 
femoral artery under local anesthesia. Because of the pamlul «trmelee of 
the procedure and the anxiety of the subject involuntary owerhweathoue 
occurred on several occasions. After an interval of seweral 
permit restoration of the basal condition of the subpeet, sampling wae begun 
The blood was collected by means of a tight fitting «vr contami pers! 
fin oil. The physiologic effects of the overbreathing, as deserted bn 
previous observers, included flushing of the face, numbness and Ciel of 
the face and extremities, decreased level of consciousness, amd oeemeomal!s 
tetany with carpopedal spasms. Electroencephalograme were 
on the majority of the subjects. 

Four to six blood samples were withdrawn trom each of the subjects. cm 
or two before the period of hyperventilation started, two durmge the pened 
of overbreathing approximately 3 and 6 minutes after the «tart, and ome oF 
two more 3 and 6 minutes after cessation of the overbreathing. Por eomtrn 
purposes five samples of blood were drawn from one of the subpeet« af pet 
under conditions otherwise simulating an actual expermument. [nm all, 
samples of blood were obtained before, fourteen during, and ehlewem alter 
the periods of hyperventilation. 

The blood samples were distributed as follows: ome portion, [ie Che cheter 
mination of oxvgen content and of the CO: in the whole blood, wae delimered 
over mercury into a vessel containing 0.1 ce. of a 30 per cent sobetran of 
potassium oxalate; another portion, for the various analyses to he perfornme! 
on serum, Was transferred under paraffin oil a centrifuge tube: amd 
third portion, for the whole blood analyses which did not require protect im 
from exposure to air, was put into a vial containing dried heparin. The 
following constituents were determined in the whole blood: dextrose, acy gen 
and CO, content, chloride, hemoglobin, and the volume of packed cell 
The measurements on the serum included the determination of pil, (©) 
content, chloride, sodium, and inorganic P on all of the subjeet«, amd of 
potassium and calcium on four of them. From the data on pH amd (1) 
content the CO. tension was calculated by means of the Henderon. Ieee! 
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balch formula. The cellular concentrations of CO. and chloride were 
calculated, by means of the cell volume, from values determined on whole 
blood and serum. The hemoglobin concentration in the cells was computed 
by dividing the whole blood value by the relative cell volume. The methods 
used have been described previously (7, 10). 7 

The concentration of HoCQOs in the cells was calculated by the use of the 
solubility coefficient of carbonic acid given by Van Slyke ef al. (11) under the 
assumption that the CQO. tension was the same per liter of water in cells and 
serum. The ceil pH was computed by means of the Henderson-!lasselbalch 
equation with the pK! value of 6.04, as determined by Dill for human 
oxygenated blood (12). The anion equivalency of the hemoglobin at 
various pif values was calculated according to the equation 


dBHb 


expressing the buffering power of oxyhemogiobin which is based on the 
data of Adair (13) and Maizels and Paterson (14) under the assump- 
tion of an isolonic point of 6.65 at 38°. While the precision of the 
value of the isoionic point is in doubt, the change with pH in the range en- 
countered appears weil established. 


Results 


In Table I are listed the individual data on the composition of the serum 
and the whole blood of seven subjects before, durmg, and after overbreath- 
ing. Inchided is a control series of observations on one of the subjects 
from whom five samples of blood were obtained at rest after intervals of 
time similar to those of experimental conditions. 

In Table Il are presented the mean values and their standard errors tor 
the samples taken before and during the periods of hyperventilation. Since 
the values for the two samples of blood, drawn after 3 and 6 minutes of 
hyperventilation, respectively, did not differ significantly, except for the 
pli and the CO. tension, they were combined for the calculation of the 
mean values. In Table LI are also given the average calculated values 
for the pH and the ionic ofivalency of the hemoglobin in the cells. Mean 
values for the hemoglobin concentration in the whole blood and tor the 
volume of packed cells are not given, since these indices differed more 
among the subjects than they varied during the experiment for any 
given individual. 

In the first two rows of Table IIT are tabulated the means of the indi- 
vidual differences, between the control values on the one hand and the 
hyperventilation samples on the other, and the estimates of the statistical 
significance of these differences. In the lower two rows are listed the 
similarly calculated differences between the control samples and those taken 
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the data the changes ol the Volume of copped col ben bas 
concentration of hemoglobin. 

The data in Tables I to ILL may be briefly follows 

Serum Changes— The pH of the serum, averagimg 7.47 im the comtrod 
periods, rose to a mean value of 7.08 alter 2to muamutes of 
and reached a value of 7.73 after periods of 5 to mmutes Tt fel 
toa value of 7.59 6 minutes after overhreathme wae 
value tor the control samples appear somewhat high. refleetime 
apprehension and Involuntary on thee Perr te! 

The COs content, averaging 26.5 milliequivalent« per liter foe the comet red 
samples, fell to a value of 20.5 milliequivalent« per liter after 3 meimetes ot 
overbreathing, to remain unchanged alter the longer period After 4 
minutes recovery the values were still lower by abeot 1.5 euillieqeiwalent. 
per liter than at the outset. The biearhemate comeentration, 26.2 mul 
hequivalents per liter in the beginning, fell te 19.4 pee 
during hyperventilation. 

The CO, tension, 36.4 mm. of Ig in the control samples, fell te 16.5 eam 
after 3, and to 15.0 mm. after 6 minutes of owerhwerathimg 16 pone ehew hs 
during recovery, the values 3 minutes after thre envy 
being 10 mm. of Hy below the control lewel the com 
trol samples is somewhat lower than accepted normal wabwes, Chet 
like the pH values, may reflect a certaim degree of mvobuntary owerhrrath 
ing of the subjects. 

The serum chloride concentration, 1064 abet te per iter the 
control samples, rose during the period of overheeathing te « walee of 
109.2, to return rapidly to the control values during reeewers 

The serum sodium concentration, 1475 peas per liter a! the 
outset, fell to a value of 134.2 milliequivalent« per the of 
hyperventilation and returned fo alter of thy 
overbreathing. 

The potassium concentration, averaging 4.5 pee Iter ot 
the start, rose to 4.8 alents bey pleat tem i 
decreased promptly to the control lewel luring rrrer ery 
transient increase in the arterial pert 

The calcium concentration, not listed in Tables te LLL, died met 
significantly during the experiments from value of 104 per 
whether or not there were symptoms of tetar 
with prior reports (1). 

The inorganic P fell in each experiment after 3 minutes of hyperwentile 
tion and decreased further after 6 minutes. Tt at how hewele 
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minutes alter the overbreathing stopped. Such fell of the merges 
concentration was first described by Davies af af 
conjecture whether this change represents an effeet of per 
whether it 1s associated with changes im the 
perhaps In response to the release of adrenalen. The fell the 
concentration bevond the period of hyperventilatrom the better 
hypothesis. 

Tonic Equilibrium in Red Cells The cell pit, 7.17. the 
increased to 7.34 during hyperventilation 

The CQ, content of the cells decreased from 14.5 te 8.6 mullequiwelente 
per liter during hyperventilation, while the bhearhemate fell from 12.6 te 
8.2 milliequivalents per liter. During recovery the mereases followed « 
pattern similar to that observed in serum, 

The cell chloride, 52.0 milliequivalents per liter im the beg~emumg, cee 
ished to 45.0 during overbreathing, returning rapedly te mermel with it. 
cessation. 

The hemoglobin concentration in the celle durmg hwperwertiletios 
creased slightly, from about 33 gm. to 34 gm. per 10) ee. ‘Thee cheng 
corresponded in extent to the decrease im the volume of the packed celle 
The ionic equivalency of the hemoglobin in the celle mrereased with the ree 
of the cell pH by 10.1 milliequivalents per liter 

Changes in Whole Blood —The COs, content of the whote 
by about 5.5 milliequivalents per liter during hy pervent 

The chloride remained almost unchanged durmg the experwmemte Tle 
may indicate that no important movement of thm rom te amed 
the blood stream. A decrease of 0.7 milliequiwalemt per liter cherwe be 
perventilation, statistically barely significant, maw refleet diffe to « 
small extent of the chloride from the plasma inte the extracetieher feed 

The volume of packed cells decreased with regularity derma over 
breathing, the change averaging 0.7 per cent. It returned qavekly to 
control values during recovery. 

The hemoglobin concentration in the whole bhooe 
during the experiments. This circumstance, im with the 
decrease in the volume of the cells, anh wm ite 
concentration, 

In Table LV is presented a balance of the changes us the rome commgenct 
tion of serum and cells, based on the data in Tables Pte TEL ft cam te eeee 
that in the serum the concentrations of both the cle 
creased, their changes baulaneing each other thet @ mm 
the total electrolyte concentration resulted. Chet Che fell 
in the bi ‘carbonate content Was in part accounted lor bw am meremee we the 
chloride and in part bv a decrease in the pte 
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tate, which had not been determined, does not appear to have introduced 
an appreciable error, probably owing to the shortness of the periods of over- 
breathing and to the fact that the analyses were performed on arterial. 
blood. The changes in the serum are in keeping with the predictions of 
the Donnan theory, according to which they are explained on the basis of a- 
shift of water from the cells to the serum. 


TaBLe IV 
Changes in lonie Balance of Serum and Cells during Hyperventilation 


The differences are given in milliequivalents per liter. 


Serum | Cells 
HCO,’ me 
Cy’ —7F.0 
PO,’ + PO,” —O.4 | 
Organic phosphate* 3 +1.7 
Proteint +0.7 10.1 
Net change of anions | 
—3.3 
Net change of cations | —2.8 | +2.0f 


* The change in the ionic equivalency of the organic. acid-soluble phosphates was 
calculated on the basis of an assumed concentration of 50 mg. per 100 ec. of cells. 
This would correspond to a value of 35 milliequivalents per liter for the ionic equiva- 
lency of the organic phosphates in the control samples. During hyperventilation 
the ionie equivalency would increase by about 1.7 per cent, owing to the decreased 
water content of the cells, and by a further 3 per cent, owing tothe increase in the 
cellular pH. : 

+t The change in the serum protein equivalency was calculated on the assumption 
of a serum concentration of 7 gm. per LOO cc. by the formula of Van Slyke ef al. (16), 
on the basis of a dilution of the serum compart ment of the blood by 1.8 per cent. 

t The change in cations was calculated on the assumption of a decrease in the cell 
water by 1.8 per cent and of the non-diffusibility of the intracellular cations. 


In the cells a decrease in the diffusible ions, chloride and bicarbonate, was 
closely balanced by an increase in the non-diffusible ions, primarily hemo- 
globin, while the change in the organic phosphates, estimated on the basis 
of customarily observed normal values, accounted for a small proportion 
only. The value listed in Table IV for the change in the cellular concentra- 
tion of the cations is based on the assumption that the decreased electrolyte 
concentration in the serum was due to a transfer of water from the cells. 
Therefore, a corresponding increase in the cellular concentration of the 
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‘ations Was assumed. ‘The changes im cellular chee 
balance euch other evenly is t dea the servers ot pe oti! 
that the apparently greater change in the than the of 
significance, in view of the numerous sources of error mnvedwed im the deter 
minations and assumptions. Perhaps changes im other eelleler amore 
such as glutathione, which have not been taken Inte pert 
even the two sides of the ledger of the tome hahenee 

In Table V the assumption of a water shift bet ween 

has been adduced in explanation ol the changes m the ee «truetare. & 
subjected to a quantitative comparison with the ecowedlares of the Dies 
theory. In the first two rows the changes in water comtent of the «eum 
calculated on the basis of the observed chamges um the of 
cations are with the theoretical water «hifte ealealated ae 
to the formulation of the Donnan theory presented bw Vem We. 
McLean (6). The details of the calculations and premieee 
calculation of the theoretical values are presented im the te 
V. Another independent test of the theory, prowtelee! bee the 
of the observed with the calculated mean change im the of 
cells, is listed in the next two rows. A third indepemedemt feet be atferdied 
bv the comparison between the observed and the ealeuleted 
cellular hemoglobin concentration. Comeiderug the end 
errors involved in the calculations and determination. the agrees 
between theory and observation can be comidered 

In Table V1 are tabulated the observed dixtrihation ratios for the diffe 
ible ions, and theoretical ratios caleulated Chee 
means of Equation 10 of Van Sivke ef (0) cme Clee 
estimates adopted for the preceding Twe of ore 
listed for the theoretical ratios, ome based cm Che off 
globin and the organic phosphates, and the other teehee of 
the effect of glutathione. It cam be that the 
during hyperventilation were about the same few few 
bonate, uncorrected for carbamate, while the cere 
considerably lower. Correction of the biearhemate mathe fee 
the cells brings its value to a point 
hydrogen ratios. The theoretien] ratte the 
lions, particularly when glutathione wee 
value the chloride ratio. The changes all per: 
lation were in close agreement. 

It is of interest to compare these result. wrth (hese of 
were based on in vitro equilibration of 


both points of comparison, before and hy 
for the distribution of chlorides ame few eee 
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while the bicarbonate ratios here reported are lower by about 0.09 for the 
control and by about 0.08 tor the hyperventilation samples. This dis- 


TaBLe V | 
Changes in Water Distribution, Cell Volume, and Cellular Hemoglobin Concentration 
during Hyperventilation 


per ceni 

Change in water content of serum Caleulated* —1.7 
total ionic concentration ° Observed —1.7 

‘ volume of packed cells Calculated? 

cellular hemoglobi®@concentration Caleulated +-1.7 


* The theore‘ical changes in the water content of the serum were calculated by 
means of Equation 23 of Van Slyke, Wu, and McLean (6) in which the parentheses 


(RP). 


(H.O), = (HO), 3 
9(8), — (BP), — (BP). + 


denote units of substance per unit of whole blood and the subscripts, s, ¢, b, indicate 
serum, cells, and whole blood, respectively. The following assumptions and substi- 
tutions were used in applying this équation: It was postulated that all factors except 
for (BP). remained constant during hyperventilation. A numerical value of 0.84 
gm. per ec. was assigned to (H.LO),, based on the assumed values of 0.72 gm. of water 
per ce. of cells, and of 0.94 gm. per_ec. of serum and on the observed mean value for 
the cell fraction of 0.444 ec. per ec. of whole blood. To (B), was given the value of 
138 milliequivalents per liter, the mean normal observed in this laboratory. For 
(BP), the value of 9.5 was taken on the basis of the assumptions given in Table IV. 
BP). was calculated as the sum of the ionic equivalencies of hemoglobin and of the 
cell organic phosphates. For the hemoglobin, the values for ionic equivalency given 
in Table IL, multiplied by the relative volume of the packed cells, were taken. For the 
ionic equivalency of the organic phosphates a constant value of 14 milliequi valents 
per liter of blood was adopted, based on an. assumed concentration of 50 mg. of organic 
acid-soluble P per 100 ce. of cells, and on the determined titration curves of diphos- 
phoglyceric acid and adenosine triphosphate (7). For (P). a value of 9, the sum of 
the osmolar concentrations of hemoglobin, 5, and organic phosphates in whole blood, 
t.wastaken. Whilethe precision of the various assumptions and with it the absolute 
values of (11.0), are subject to considerable doubt, this is of small importance in 
assessing the effect of pH on the water shift between cells and serum, since the only 
variable of major importance is the ionic equivalency of hemoglobin. That the 
various assumptions are approximately correct is indicated by the fact that the abso- 
lute value of (H.O), calculated by the above formula is 0.53 gm. per ce. of whole 
blood, compared with the initially assumed value of 0.52 gm. per ce. 

* The changes in volume of packed cells were calculated by the above formula, 
with the hematocrit value of #4.4 per cent for the control samples. 


crepancy is not easily explained by the differences in experimental ar- 
rangement. 
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Among the “observed” pathos, the rol 
the most reliable, since no | 
determination. The variability of «ee or 
drogen and bicarbonate ratios. Further 
case of the latter by correction for the carte 
itv of other forms of bound CO} be 

Observed Disirihution Ratios of I 


Control 


The theoretical ratio was ealeulat , 
Wu. and MeLean (6) in whiel denotes tl , 


— 
brackets indicate concentrations per kilo of wate | 4 
and assumptions were made. The water content of ere a 
was assumed to be 0.94 gm. per cc., and per cent « 
hyperventilation. The respective values for th 
were assumed to be 0.720 and O.708 gm. per be 


calculated by means of these values on the beaawie oof Chee ene 
discussed in the foot-note to Table \ 
t Corrected for 14 per cent carbamate (17 


this calculation the presence of glutathione 
into account. Its concentration was assumed to be 5 pew 
19), and its ionic equivalency 1.1 milliequivabents Not ht 


would appear that the close corresponden 


distribution coefficient and the chloride ratio ix of 


Dill and his coworkers (8) also found the closest aggreennemt Preterm Chee 
two ratios. This is of further interest, since they cerry eel few 
non-diffusible ions on the basis of the titration of total eefleler eamterte 
human ervthrocytes, rather than on the basis of valoes for 
pounds in a synthetic manner, as reported here. Each the net 
has its drawbacks; while the determination of the total 
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erythrocytes is independent. of any particular knowledge or assumption with 
regard to the chemical constituents involved, the-technique involved does 
not entirely prevent enzymatic breakdown of organic phosphates. The 
agreement of the theoretical distribution coefficients based on these two 
different sets of data would appear to indicate that the errors of either tech- 
nique are not of major importance. 

In this connection the work of Maizels and his coworkers, who investi- 
gated the importance of the non-diffusible anions other than hemoglobin in 
the base-binding property of erythrocytes in normal and anemic human 
subjects, is pertinent (14, 19). Their estimates of the ionic equivalencies 
for hemoglobin, organic phosphates, and glutathione are in close agreement 
with those presented here. However, they came to the conclusion that part 
of the organic phosphate must be in non-ionized form, since the sum of the 
anions appeared to exceed that of the cations in the erythrocytes. This 
conclusion hinges on the value for total cell base, 110 milhequivalents per 
liter of cells, adopted by them. From this value one would calculate a con- 
centration of 152 milliequivalents of base per kilo of cell water, on the basis 
of an estimate of 720 gm. of water per liter of cells. This is lower by about 
10 milliequivalents than the corresponding value of base in serum water. 
Such a finding is contrary to the postulates of the Donnan theory as well as 


to the findings of Maizels himself (20) and others. In our laboratory a total - 


base concentration of 120 milliequivalents per liter of ervthrocytes has been 
found consistently, corresponding to a value of 168 milliequivalents per kilo 
of cell water. If this value, which is in agreement with the Donnan theory, 
is applied to the data of Maizels and correction is made for carbamate, the 
quota of available cations is increased sufficiently to permit the assumption 
of full ionization of the organic phosphates in the cells in their experiments. 
The reason for the discrepancies in the values of the cell total base hes un- 
doubtedly in differences in the analytical methods emploved, a critical 
discussion of which would Jead too far afield in this paper. 

It is of interest to compare the changes in the electrolyte structure of the 
blood in hyperventilation with those found in dogs with pyloric obstruction. 
In the present experiments among the non-diffusible cellular anions changes 
in the equivalency of hemoglobin predominated, while in pyloric obstruction 
the increase in the diphosphoglvceric acid was of much greater importance. 
In the two conditions, the diffusible anions also are shifted in opposite direc- 
tions. The agreement with the Donnan theory in both experimental states, 
characterized by widely differing electrolyte patterns, supports strongly the 
general applicability of the Donnan theory for the blood. 


DISCUSSION 


Recognition of differences in the pattern of change between arteries, 
capillaries, and veins may furnish the explanation of the discrepancies i 
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the literature concerning the rate of change and extent af elewatiem of «rum 
pH during hyperventilation. ‘The estimates of pH repewted by Dee ee 
(1).on the basis of analyses of alveolar air are im the «aeme fama ae Os 
directly determined values on arterial blood reperted bere ame 
those reported by etal. (dD). of Veto hewe re 
lowest estimates (2, 5) while intermediate values of 
on eapilary blood (4). So tar as the rate of hunge te of 
is assumed, the pH in the present experiment= be G08 te 
average 0.07, unit per minute during the first 3 of 
and changed much more slowly thereafter at a rate of hee Chen 
minute. [ven faster initial rates were reported by 45 
initial rate is about double that recorded byw Shock (8) 
capillary blood. According to Nims e/ al. (5) and 
in this laboratory, the changes in jugular venous bhead peeeeee af 
varving from 0.02 to 0.05 unit per minute. Such divert) 
be reasonably explamed on the basis of differences bet the 
of the vascular svstem in their relation to the loge 
most rapid displacement of pH would be expeeted im wheel) 
in equilibrium with the alveolar air, and is carried iy Cheek walled oan 
which permit diffusion and exchange with the fo 
only. The slowest change in the ionic balance of the 
in the venous blood flowing from the tissues. “Thee 
variations in the total buffering capacity of the tienes — Letermecheery fetes 
of shift might be expected in capillary blood 
The relative impermeability of the wall of the te Gees 

water and electrolytes may also be adduced m explametrm of the «lee 
agreement bet ween the 7n vivo changes reported here pextuhetee of he 
Donnan theory which are predicated on the premise of cotefeamey of qoteme 
sition of the blood. This premise would appear to be eeoppentioed hee Oke feet 
ing of unchanged concentrations of chloride and Oke 
blood. As a consequence it would follow that the eheetretyte tte of 
served in arterial plasma are not representative of 
extracellular fluid. This concept is made even more plete © ome 
amines the opposite assumption ‘namely, that the 
are paralleled by similar variations in the 
the case, the increase in chloride and decrease im com 
fined to plasma alone, but would occur in 30 per comt of the beefy fee 
Then two problems would arise: what is the origin of the 
ment and what is the destination of the Tle 
sumption of a general shift of water between the camel 
phases ot the body fluid would serve tea plam «bere 
content, but would emphasize the discrepaney with: fee 
and would require the additional assumptiom of Che ef 
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ride stores, which would be mobilized during hyperventilation. With 
respect to the supposition of a water shift from tissues to extracellular fluid, 
the data available at present (21) suggest that the cellular fluid of muscle 
mmereases in volume during periods of prolonged hyperventilation, in 
contrast to the findings in blood. 

It would appear from the observations of others, as well as ours, that 
tetany, the most frequently described svmptom, usually makes its appear- 
anee after prolonged periods of hyperventilation, although it may oecur 
occasionally as soon as 1.5 minutes after overbreathing begins. On the 
other hand the changes in the electroencephalogram usually begin at once 
and progress to a maximum within 1.5 to 2.5 mimutes of hyperventilation. 
The type and degree of deviation of the electroencephalogram are greatly 
influenced by the blood sugar level (9), which does not change in a uniform 
manner during hyperventilation. It would appear, therefore, that the only 
consistent change in the electrolvte structure of arterial blood associated 
with the effect of overbreathing on the electroencephalogram is the rapid 
decrease in the COs tension associated with an increase in pH. 


SUMMARY 


The effects of voluntary hyperventilation for periods of 2 to 3 and of 5 to 6 
minutes on the clectrolvte structure of arterial blood were studied on seven 
subjects. 

|. In the serum the COs. tension decreased to a mean value of 15.8 mm. of 
lig. while the serum pH rose to 7.71. The CQ, content decreased from 26.3 
to 20.5 milliequivalents per liter. The chloride rose from 106.3 to 109.2 
milliequivalents, while the sodium decreased from 137.5 to 134.2. milli- 
equivalents per liter. The calctum content did not change, while the potas- 
sium increased from 4.3 to 4.8 milliequivalents per liter and the inorganic P 
fell by 0.6 mg. per 100 cc. : 

2. In the red blood cells, the chloride decreased from 52.0 to 45.0 milli- 
equivalents per liter and the total CO, from 13.5 to 8.6 milliequivalents per 
iter, while the calculated ionie equivalency of hemoglobin increased by 
10.) milliequivalents per Jiter. The cellular hemoglobin concentration 
meneased by 2.8 per cent. 

3. In the whole blood the CO, content decreased by about 5.5 milliequiva- 
ents per liter, while the chloride concentration changed little. The 
volume of packed cells decreased from 44.4 to 43.7 per cent. 

1}. The changes in the ionic distribution in serum and cells balanced each 
wther closely. The data mdicate that the electrolyte content of serum 
deereased by about 1.7 per cent during hyperventilation, a finding explicable 
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according to the Donnan theory by a shift of «ater sed 
the serum. 

5. An examination of the data in the of Chee 
close agreement between calculated and water 
shifts, and in the lonic distribution ratice 
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NOTES ON THE DETERMINATION AND? DESTREIBE 
SODIUM AND POTASSIUM IN CELLS ANT?) 
NORMAL HUMAN 


By PAULINE MO 
(From the Chemical Laboratories of the Department of Wee 
lon ire rsity School of me Heaven 


(Received for publication, Felewery 


The distribution of bases between cells amd «wee of mewn! beeen 
blood has been studied by this laboratory over a ef 
Since the aceuracy of the results is dependent thyme the preven of the 


methods employed, extensive investigation of the fee 


sodium and potassium has been included (3, 4). the fee 
cations, Consolazio and Dill (5) have repertes! that fee 
analysis of gerum yields low values for sodium. Dtertmg am eeleuetiwe 
investigation we have been unable to verify thie Thewewee. © wae de 
covered that in the determination of whole blood 
loss had oecurred in all of our previous work. rewhew Chee 
is here presented with the new values for the divtribation of hase hetweces 
blood cells and serum obtained with the Improved et el 


Sodiu Me 


Consolazio and Dill reported that even in inorganic «alt 
is occluded in the neutral ferric phosphate precipitate 
dium they appeared to recover from the precipitate. Prorthermpewe, thes 
failed to recover added phosphate after dry ashing ame cometeedeed Chet 
all but 1 to 7 percent of phosphate was lost byw tie 
of ashing. 

By the use of radioactive sodium it has heen te 
problem by a procedure that is entirely independent of any peeedibe eerer 
that may reside in the chemical techniques. ‘The radiometive «alte 
were prepared in the cyclotron of the Department of Vale 
versity.!. Samples of this salt were subjected to the preewelore fee 
ashing serum. Phosphate and iron sulfate were added um the 
concentrations. The resulting neutral ferric phoxphate were 
exposed to a Geiger-Miiller counter. The restult« of these 


* Aided by a grant from the Fluid Researeh of Viele 
Medicine. 
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m Table l. The quantity of sodium found in the precipitate did not exceed 
0 5to0 12 per cent of the total amount in the original solution. There are 
mo significant differences that can be related to the composition of the 
vessels in which ashing was carried out. 

In onder to recover the sodium ‘‘trapped”’ in the neutral iron phosphate 
woopttate, Consolazio and Dill (5) treated it by washing, dissolving in 
ved, and subsequently alkalizing with ammonia. Apparently it) was 
seemed that phosphate was removed by this treatment. We have been 
unable to remove phosphorus by this procedure. Stadie and Ross (6) 
end Weight and Allison (7) recommend that in order to remove phosphate 
the iron salt must be added after the pH has been carefully adjusted to the 
youtral point. Subsequent addition of ammonia precipitates iron phos- 
phate, further addition removes the remaining hydroxide. When an acid 
solution which contains phosphorus and iron is made alkaline with am- 


TaBLe I 
Necowery of Radivactive Na® from Neutral Ferric Phosphate Precipitate Obtained after 
Ashing Radioactive Sodium Chloride in Presence of Phosphate 
and Iron and H.SO, 


tesulis are expressed in per cent of count of original sample. 
Lapermment No Ashed in platinum — Ashed in porcelain Ashed in Vycor 
0.5* 
0.8 1.0 
0.5 


0.9 


* The count, which was made on a solution of pooled precipitates, is expressed as 
ihe average count per single precipitate. 


monia, the phosphate and iron are not completely removed. When the 
supernatant fluid from a solution which has been so treated is ashed, the 
vellow color of ron phosphate can be seen when the hot ash is removed from 
the muffle furnace. Upon cooling, the salt again appears white.  There- 
lore, the presence of the iron phosphate easily escapes detection. The 
removal of phosphate by alkalizing an acid solution containing both 
iron and phosphorus is not feasible. It was, we believe, not occluded so- 
dium, but residual phosphate which Consolazio and Dill recovered from the 


ferric phosphate precipitates. 

It has been demonstrated that in the ashing process little or no phos- 
phorus is lost. From inorganic solutions recoveries were complete, from 
serum more than 90 per cent. The low recoveries, 6 to 50 per cent re- 
ported by Consolazio and Dill (5), may not have been, as they suggested, 
evidence that most of the phosphate had been volatilized, but only the 
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failure to hvdrolvze to the orthophosphate thee p we Pepe 
converted to metaphosphate in the ashing proce. 

As the result of this renewed investigation we have ter fen 
doubting the accuracy of the method used byw te for the 
sodium in serum of whole blood. thee 
precipitate, as demonstrated by the rachometive salt, does fet 
eent, Which is within the error of the method 


Loss of Potassium by Occlusion tm At one 
centrifuging 
Experiment No 
Ashed \ 
2 45 
20 
Ss 


* Wet ashed in glass. 


There Is, therefore, he ey, rience we 7 


phosphate precipitated in the analysts of ert 
dry ashing technique. On the other hand, tt 
as 15 to 20 per cent of the potassium trom Whole he 
in this precipitate. This loss does not depend topes thee ct 
vessels in which the process of ashing is comducted 

This loss not detected earher tor in re tere! 


whole blood, potassium tag! ty bee TE ot 
may be seen that recovery Wits eet three ont 
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agreed with measurements obtained by a wet ashing proceedure om whieh 
phosphate was removed by the technique of Stadie and Rew (6). Thie & 
no doubt due to the fact that the two methods are subjeet to the same 
error. 

During the digestion with H.SO, and HNO) preeepitate whieh 
can be dissolved only with great ditheulty preetetate, a 
of iron, is removed with the phosphate and trom the 
sequent addition of ammonia. ‘To dissolve it high of 
is required. When the solution is subsequently with 
a large quantity of iron phosphate is not precipitated, bart the 
supernatant fluid. When «a portion of the latter @ added te eramy!cime 
acetute solution, it vields falsely high values for it hae heen 
found that no sodium was occluded in this ferric phoephate precipitate and 
since duplicate analyses for potassium repentedly if 
that the precipitate could be safely Ut 
discovered that the precipitate does occlude ee 

In order to recover this occluded fraction of potash the trom 
be converted to the chloride. This ix aceurnpliehed bw ecbdimg te the aah 16 
drops of concentrated HCl for each ee. of the 
The solution is then evaporated to drvnes« om the «tenn hath 
is extracted with water. Conselazie, im 
mended a similar procedure lor the reewwery frome colle 

Concentrations of Potassium and Sediwm om Colle of hob 
Blood Measured by Revised Methods Table [Ul ane the com 
eight normal subjects. The values low beth 
in the 1937 series (2). The slightly average lee we 
present series may be ascribed to the the pre’ of 
persons with peculiarly low sodium ame tm the preset fue 
with peculiarly high sexlium lf thee determinations ate the 
averages of the two series are wWentieal The foo coll 
sodium and potassium per kilo of celle amd im the patie of the 
sum of sodium and kiko «of water betweem amel 
In each instance the values are fall 


limits. 


Viwthy 


In a review of the dry ashing methe«l fee tie 
measurement of sodium and ut whee of 
been established that no sodium ix renewed few the 


; 


ae DETERMINATION OF SODIUM AND POTASSIUM 


phate. On the other hand, in the analysis of whole blood or blood cells 
potassium is lost. ‘To avoid this source of error a modification of the | 
procedure has been proposed. | 

Values for the concentrations of sodium and potassium in the cells and 
serum of normal human blood are presented. 
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A SIMPLE METHOD OF PREPARATION Cen 
ROUS [TRON FOR INTRAVENGELS * 


ity 


(From the Li partment of Beach 
rive | 
It is frequently desirable to lew voim 
iron is retained by the beady ana. Tat lew ti “fir 


be utilized completely by the bendy t DALI eel Pee 


in iron-depleted anemic dogs.' lonizaile foeme of wom om 
tolerated when given by 

During the course of development oft toethehe wom 


of dispersal] of a colloidal form was encountered wheel 
to other invest rators, especially om he ep 
Toxicological studies have been carre«d oat fe @ 
Quantities ol 30 to 50 mig. of tron have been be wou | 
on numerous occasions Without any grow ef ere 
reactions, and it is quite possi ble that Larger chemee fee he whve® 
safely. 

Starting with a solution of ferric chlorude, 
to reduce the iron to the ferrous state (abet 3 of 
each mg. of iron present). This is then added te am equal wolume of « 
per cent solution of gelatin especially prepared for 
Dilute (10 to 20 per cent } is added crogee bee” cle velop 
which point it has been found that the pil is in the ef Ste Tihs 


resultant solution has a deep purple-brown to cme 
greenish plack sheen to reflected light. It quite af 
peratures. When stored in a refrigerator, the ened 
be made available for injection by heating qently 


* This work was carried out under a eran 


Camden, New Jersey, for the gelatin used on thie « 
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THE ASSAY OF ANIMAL TISSUES FOR RESPIRATORY 
ENZYMES 


IV. CELL STRUCTURE IN RELATION TO SC TER CEN EER 
By POPTER 


(From the McArdle Memortal Laboratory, 


(Received for publication, Fetraary 


The “homogenate technique” is at present deed foe Che of 
enzymatic reactions in various types of biologiea! matermal, the 
technique (1)! an attempt was made to eliminate cell «truetare and te de 
perse intracellular constituents so widely that endogenoti. respiret»om woe 
eliminated by dilution, while particular phases of metaheliem eould he 
restored by the addition of appropriate substrates and cofactor Im ler? 
Elliott and Libet (5) made an excellent study which led to the comelueeon 
that “the effects of homogenization in the different medin are memdy dime to 
the tendency of isotonic salts or sugars to prevent cell ewtolwem, while im 
hypotonic medium cytolysis occurs.” They reported that peep 
arations of brain cells compared favorably with for om 
brain metabolism, and they subsequently (6) carried out their etudies with 
such preparations unfortified with coenzymes or with eyvtoehwome. Ole the 
other hand, Schneider and Potter (7, 8) pursued the alternative whieh 
Elliott and Libet’s work suggested and homogenized diet illed 
water in order to make evtolvsis iis complete ibs We 
refer to this tvpe of preparation as a “water homogenate.” whale thet of 
Elhott ef al. (6) may be referred to as an “isotonic homogenate" Ole the 
basis of the evtochrome ¢ content of liver and the amount of ewtoehwone 


required to saturate the succinoxidase system an obpeetiwe 


for estimating the degree of cytolysis was devieed (7,8 Ter chate mer ot hee 
method of obtaining a quantitative measure of hee been 
microscopic examinations cannot give quantitative dete and m feet «as 
give erroneous IMpressions. According ter the feet 
water homogenates of rat liver contain about 5 per cent whole 
isotonic preparations contain 60 to SO per cent whole he 


* This work was aided by a grant from the Jonathan Bowman fee 


Research. 

' It may be pointed out here that the device used by Potter and Rlwehjem i 18 
(1) was similar in principle to a tissue crusher deserthed as early ae 1022 (2) ened cele 
quently modified for other purposes (3, 4). The peetlee may mew be oftaned from 
the Central Scientifie Company. 
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expected, homogenates prepared in M30 phosphate buffer (9), which js 
hypotonic, vielded a figure that is intermediate, about 80 per cent whole 
cells. In each case, the per cent of whole cells is of course modified by the 
tightness of the homogenizer and the duration of the homogenization. 

The importance of these considerations was recently emphasized when 
we attempted to devise an assay for fatty acid oxidation, following the 
demonstration of this reaction in homogenates (10, 11). The tatty acid 
oxidase activity was reported to be extremely sensitive both by Munoz and 
Leloir (10) and by Lehninger (11). Since many of the findings which they 
reported could be interpreted in terms of cvtolvsis, we carried out a number 
of experiments in which the fatty acid oxidase activity was correlated with 
a “eytolysis quotient,” as determined by means of the succinoxidase test, 
in order to determine whether cell structure is necessary for fatty acid 
oxidation. 


ENPERIMENTPAL 


Isotonic homogenates were prepared in O.85 per cent saline, while water 
homogenates were prepared in distilled water. Livers were removed from 
decapitated rats and chilled on cracked ice. Tlomogenization was carried 
out in cold tubes and media in a cold room, with 9 volumes of media per 
weight of liver. The isotonic homogenates were centrifuged at 1500 q for 
10 minutes and the residue was resuspended in saline equal to one-half the 
original volunie of the homogenate. ‘The suspension was centrifuged down 
and washed twice more before suspending in one-half the original volume. 
The washed residue was thus equal to a 20 per cent homogenate on a volume 
basis. The centrifuging was identical with the procedure used by Schneider 
to separate nuclei from cytoplasm in water homogenates (unpublished) 
and was carried out in order to eliminate the endogenous respiration 
‘Lehninger (12)). In some cases, water homogenates were prepared and 
made isotonic by the addition of 0.5 volume of 2.55 per cent NaCl, about 
5S minutes atver homogenization. 

Since Lehninger (11, 12) had reported activation by adenosine triphos- 
phate (ATP), we set up reaction mixtures in flasks with no side arms and 
kept them in cracked ice until the liver preparations were added, accord: 
ing to our previous technique for the study of oxidative phosphorylation 
(13),in which ATP was in the reaction mixture. ae 

The reaction components were varied, but certain additions were con- 
stant. These included 0.3 ml. of 0.1.4 Na phosphate at pH 7.5 and 0.3 ml. 
of 0.1 m Na malonate at pH 7.5. Other additions included 0.85 per cent 
NaCl], 0.01 M Na octanoate, 0.013 Mm Na ATP, 4 & 10% mM cytochrome ¢, 
O.1 uw MeCh, liver preparation, and water to make 3.0 ml. The amounts 


wdded are shown in the tables. 


| 
at 
fil 
cy 
cy 
OX 
| gk 

| ore 
pre 
ho 
hii 
the 
the 
Wa 
tio 
Th 
oct 
pir 
| 
de 
re} 
th 

ity 
| ch] 
Was 
un 
of 


Vv. R. POTTER 


The oxygen uptake was measured in stander! Waerherg eoperetias af 
aT”. equilibration Was continued tor 6 and were takem 
at 5 minute intervals for 30 minutes. Center cam with 2s Nett aad 
filter paper were used. 


activity with and without added « it om of the 


per cent ot cells which have recor ef iv tee 
chrome c, and in order to be valid. the 


cytochrome c to saturate the succinoxicdase whieh thew the 


cytochrome of the broken cells must completely tote the 
oxidase svstem. These requirements scem: ter be met om fewer 
this paper), although the second requirement chee met fee 


skeletal and cardiac muscle (7,8). “The 


Results 


In preliminary tests for with af 
washed residue from isotonic homogenates eof rat liver, @e 
orous oxidation (100 microliters of thy per 11) 
presence of ATP when 1.0 ml. of 20 per cent wae beet 
no activity when 0.3 ml. of the preparation was med. There wae thee « 
marked “dilution effect’ (1). When the experiment wae repeated with 
the NaCl content of the tissue suspension compenseted, if woe formed thet 
the dilution effect was due entirely to the warketiom tm Net") Wem the 
Was kept constant, the rate of octanoate wee 
tional to the amount of liver preparation that woe (eee 
The data also show that evtochrome ¢ was witheaut effeet cm the cate of 
piration ot the preparation Wiis reel the of 
corrected for the equilibration period, was chow: to 
reported that octanoate was oxidized quantitatively te seetemeetic eet 
(‘theoretical oxvgen uptake, 201.6 microliters) unmeer 

The effect of sodium chloride suggested similar deta be of 
(5, 15) and raised the question of the role of wet 
ity. Experiments in which the amount of magnesium chloride ened «ole 
chloride were varied (Table I1) gave strong indications thet 
was detrimental to the oxidation of fatty acid 

When liver was homogenized in water, the 
unable to oxidize octanoate (10,12). In order to fowthew the 
of cell structure in fatty acid oxidation, of rat were 
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eommved im water and in saline, with the water homogenate made isotonic 
sithin S minutes after its preparation, by the addition of hypertonic saline, 
\iiquots of each homogenate were centrifuged and washed (see Methods”) 
mi made up to 0.5 volume. The degree of cytolvsis in each of the four 
eeeperations was estimated by determining the ‘‘evtolysis quotient.’ The 
oxidation was measured in each of the washed preparations. The 
[ 
Oxidation of Octanoate by Washed Isotontc Laver Homogenate a 


bach complete flask contained 0.3 ml. of 0.1 Mm Na phosphate at pH 7.5, 0.3 ml. of 
Nea malonate, 0.2 ml. of MgCl., 0.2 ml. of 0.013 Na adenosine triphos- 
phate 4 & 10 evtochrome c, 0.3 ml. of 0.01 1 Na octanoate, plus 20 per | 
cont washed isotonic liver homogenate and saline (0.85 per cent NaCl) as indicated, — 5 


arth eufficrent water to make 3.0 ml. 


Additions Average oxvgen uptake per 5 min. al 
| | () 
Mashed homogenat: Saline Complete* Minus cvtochrome 
mi. microlite? microliters 
W 
* When either adenosine triphosphate or octanoate was omitted, no oxygen was W: 
‘taken up. In all flasks the oxygen uptake ceased rather abruptly when about 150 | 
mieroliters of O, had been taken up. See the text. Wi 
W: 
I] 


ffect of Tonicity on Octanoate Oxidation 
(Conditions asin Table 1, except 0.3 ml. of washed 20 per cent isotonic liver homo- 
wenate in all Masks, with NaCl and MgCl, varied. The amount of NaCl present in- out 


vdes that in the homogenate. Oxygen uptake per best 10 minutes, is e 
In} 
O.1M MgCl+ per flask 

Omi 0.2 ml. 0.4 ml. 0.6 ml. We 
microliters microliters microliters ( jo microliters 0), Per 
0.3 () 12.5 30.6. 10.0 
Un 
is d 
results are shown in Table IL]. In the case of the washed water homoge- of 
nate, no oxygen was taken up when octanoate was the substrate, and the SINC 
eytolysis quotient was high, indicating almost complete cell disruption, at the 


least to the extent that eytochrome ¢ could diffuse away from succinoxidase. | ,, 
There was considerable loss in succinoxidase, due to the association of this eta 
enzyme with particles too small to be completely sedimented under these per ¢ 


» 


i 
| 
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conditions. lLlowever. considera ble SUCCTNON 

ticles which could be sedimented; these particles dick mot 
cells, on the basis of the ‘“‘cytolysis quotient.’ Furthermore, 
(unpublished data) has shown that cytoplasmic fractions tree 
nucleic acid contain granules of succinoxidase whieh can be soclmemted 
under isotonic conditions. In the case of the isotomie lommegemete. (hs 
“eytolysis quotient” indicated that about 75 per cent of the meter! wo 

still intact enough to retain evtochrome ¢ in association worthy seermeehes 

and in this preparation octanoate was vigorously Phe det 


strongly suggest that octanoate was oxidized only theese eed! Pine | 
r | Ill 
Inability of Hy potonce Liver Homog nales la Oridite 
Succinoxidase measured with a preparation equivalent te 2 of 
and octanoate oxidation measured with the equivalent of DO me of free 
_  Oxy@en uptake per best 10 minutes. 
microiiier ” 
Whole hypotonic homogenate 72.4 
4.0 
Washed residue from hypotonic 25.8 
homogenate 10 
Whole isotonic homogenate ; 71.0 
4 
Washed residue from = isotonic iso) 
homogenate 35.6 25.8 


* The ‘‘cytolysis quotient”? is based upon the succinate oxtdatrom weth aed « 
out added cytochrome. Its significance is not altogether certains, bat ele of 
isemphasized here by the fact that the succinate oxidation data un hedd face type am 
in nearly perfect agreement. 


Were unruptured,’ since the granules obtained by washing the ter 
genautes were completely inactive. 

The difficulties in assaving for fattv acid oxidation are Chem 
Unless a cytolysis quotient is determined and the Qo, om fatty 
back to 100 per cent whole cells, no quantitative data can be secured IL 
is dificult to prove that such a correction would be valid. Thowever, « 

i of interest to see how great the Qo, on fatty acid is, even when Gmeorreeted 
p since no such attempts have been made by previous investigators Pram 
{ the data in Table IIT, assuming a water content of TO per cemt te freeh 


* The data do not, of course, eliminate the possibility that LOO per cent ef thy 
were whole but had lost enough cytochrome ¢ to make the 
€ bercent of the maximum. 
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liver (16), the uncorrected octanoate Qo, would be 13.3 in comparison with 
the succinate Qo, of 72.4. However, if this figure were corrected for the 
degree of cytolysis and the losses due to washing, the figure would be 13.3 
x 72.4 / 35.6, or 27.0, which is about one-third as large as the succinate 
Vo, and is 3 to 4 times as high as the Qo, of a liver slice with glucose (16). 
It must also be borne in mind that the observed rate is not necessarily the 
potential rate, since no activators other than ATP were added to the 
svatem., 7 

The data in Table II] show that active octanoate oxidation did not 
occur in preparations which had been washed after hypotonic treatment, 
and the eytolvsis quotients in these inactive preparations invariably 


wnadieated loss of cell structure. Furthermore, the data in Table IT show. 


that hypotonicity was detrimental, again suggesting the need for cell 
structure. But if the enzyme system per se were inhibited by hypotonicity, 
this data would not be conclusive, and if the system included soluble pro- 
teins, these would surely be washed away from the laked cells, while they 
would probably not escape from the whole cells. The use of unwashed 
water homogenates is complicated by the endogenous respiration, and 
also by the presence of calcium ions. Experiments in which washed iso- 
tonic homogenates were frozen and thawed showed that the cells were 
laked, on the basis of the cytolysis quotients, and concomitantly the 


ability to oxidize octanoate was lost. However, this is not conclusive, — 


since freezing might damage the octanoate system inasmuch as it has been 
shown to damage the oxidative phosphorylation previously studied (13). 

What appears to be unimpeachable evidence was obtained by carefully 
washing aliquots of an isotonic homogenate, and then suspending one of the 
final residues in distilled water to lake the washed cells, while the other 
aliquot was suspended in saline as before. The laked cells were added to 
Warburg flasks containing enough sodium chloride to make the final 
reaction mixture optimum for both laked cells and whole cells. The laked 
preparations gave results which were nearly always inferior to the washed 
cells, both in rate and duration of oxygen uptake, and the data were not 
~«tiefactory until potassium ions were included in the final reaction mix- 
ture. This was done in order to compensate for losses which may have 
geeurred during the washing in isotonic sodium chloride, to compensate 
for the decrease in K* concentration due to dispersal of cell contents upon 
lveis (17), and because Lehninger’s reaction mixture (12) had included It 
ions. Data from a single experiment are given in Table IV to show the 
effect of both K* and cytochrome c in both whole cell and laked cell prep- 


erations which have been washed, with cytolysis quotients determined | 


on the basis of the succinoxidase system. This experiment has been 
repeated a number of times in this exact pattern, with the same excellent 
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agreement between the rates of octanoate oxidation om laked preperet»ome 
as compared with the whole cell preparations, when beth eytechreme « end 
Kt ions are present in the reaction mixture. It is neteworthw thet ewte 
chrome c is shown to stimulate octanoate oxidation when laked celle are 
used but not when whole cells are used, thus explaining the date im Table I 
The data in Table IV are apparently the first demonstration of the partie 
pation of cytochrome ¢ in the ATP-activated oxidation of cetaneate We 
have encountered a number of special situations, te be hee we re 
in Which washed cells will oxidize octanoate but Laked alquete are pmeetiwe 


Tassie 
Octanoate Oxidation in Washed Rat Liver Colle 

Succinate oxidation was measured as previewsly (7). tee 
preparations equivalent to 20 mg. of fresh liver Cet atenate 
with reaction mixtures which contained phosphate, malonate, 
triphosphate, and cytochrome, as in Table |, plus 0.2 ml. of Mgt), water 
to make 3.0 ml. in the final volume. The washed celle were added of 
per cent suspension in saline, and the iaked cells were added ae 1 OG ml of « 10 pes 
cent suspension in distilled water. Sodium chloride was added of @ 
solution, and K* ions were added as 0.1 ml. of O42 « of KOT eebetiteted feo an 
equivalent amount of NaCl. Oxygen uptake reported om the baw of the heat fee 
5 minute readings. 


mic rotler fer ame 
Whole | 24.2 74 
‘2.7 
+ “3 
| + 46.6 
+ 
| 4 “7 


with or without added K* ions. In other eases, the laked celle oueleae 
octanoate nearly as well in the absence of added K* as in ite presemee. fe 
general, there must be some activity with Na* ions only, im order fee A’ 
ions to exert an effect. It seems not unlikely that the aetion of potasehem 
is indirect, and since Lehninger has reported that DPN* component 
of the svstem (12), it may be a deficient component in some of the ineetive 
preparations encountered. With the technique for demons trating cefame 
ate oxidation in laked cell preparations thoroughly establiehed, © wee 


_ possible to test some of the questions raised in the preceding paragraph 


Diphosphopyridine nucleotide. 
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It was found that the enzyme system was sénsitive to hypotonic media and 
that data analogous to that in Table [f were obtained with the laked washed 
cell preparations, which were in addition somewhat more sensitive to 
hypertonic media than were the whole cell preparations. Furthermore, 
the laked cell preparations lost their activity upon freezing (in liquid air), 
showing that this type of experiment could not be used to test the role of 
eell structure in octanoate oxidation. The conclusion that fatty acid 
oxidation does not require cell structure is thus based upon the data in 
Table IV. 

\ieroscopic examination of the preparations was carried out with about 
4 volumes of Loeffler’s methylene blue (alcoholic) to 1 volume of prepara- 
tion. Nuelei are stained dark blue, nucleoli very dark blue, and eytoplas- 
mic granules light blue. In unwashed homogenates almost no conclusions 
could be drawn, due to the masking of whole cells by adhering cytoplasmic 
granules. leven in the washed isotonic preparations this effect was notice- 
able. However, in the latter it was easier to discern chains of liver cells, 
rather uniform in size, about 3 to 4 times as long as they were broad, though 
the cell membranes did not stand out as smooth boundaries. On the other 
hand, some whole cells could be seen even in water homogenates. The 
microscopic examination provided no reliable guide as to the extent of 
evtolysis. 

DISCUSSION 

Whether Leloir and Munoz or Lehninger have obtained oxidation of 
hiwher fatty acids independent of cell structure cannot be stated definitely 
at this time, since they have not determined “‘cytolysis quotients” by the 
sweeinoxidase test or by some equally objective measurement. All of the 
published data seem to emphasize the importance of avoiding conditions 
whieh would logically be expected to produce cytolysis, and in some of 
the data the omission of cytochrome c from the reaction mixture, or the 
lack of an increased oxygen uptake when cytochrome was added, strongly 


sugwests that whole cells were being used. The data presented in Table 


1V. on the other hand, seem to provide clear cut proof that octanoate oxida- 
thom, at least, is possible in the absence of cell structure. The chief point 
to be emphasized jis that the cells must not be laked prior to the washing 
procedure in order to obtain activity in the present reaction. mixture. 
One of the striking new developments in Lehninger’s work is the ATP 
setivation of fatty acid oxidation. We have completely confirmed this 
obeervation, and although our experimental techniques deliberately devi- 
ated considerably from Lehninger’s, we adhered quite closely to the prin- 
ciples which his work established and used most of the components of the 
reaction mixture at the concentrations he found to be optimum. Thus it 
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seems likely that, whether or not the previous work was actually dome woth 
cell-free preparations, fatty acid oxidation would hawe beem ofmtansee of Oy 
washed preparations had been laked before they were tested 

The ATP activation of octanoate oxidation in preperat of 
(7.e., unlaked according to the cvtolysis quotient cells was rath 
pected, since phosphorylated coenzymes and intermediates hawe general! 
been found to penetrate whole cells very poorly in comperheom woth the 
non-phosphorylated derivatives; cf., for example, the commperhkeom of Oh 
mine with cocarboxylase in brain cell suspensions (18). om wheel) 
was superior to cocarboxylase in minced tissue while the mh Come eae fem 
in more finely ground (‘‘broken cell’’) suspensions. [ft te whethe 
the latter would have been classified as whole or laked byw the ececenmenetelee 
technique. More recently, isotonic homogenates have giwem meerkes! 
responses to the addition of phosphorvlated cofactors and intermediates 
(19), although the preparations were not washed and therefoee maeet alex 
have contained some broken cells. Nevertheless the water hennegemete 
seemed superior since, when properly fortified, thew gawe het 
greater activity than the isotonic homogenates, poswibly Chen 
is no permeability barrier between the [added! coenzwones and om 
disrupted cells” (19). It seems possible that the of the 
cells has been altered by the washing to the extent that the ATT’ peofleeet 
can get in, while the much larger cytochrome molecule canmet get oot 

The significance of the present study is not simply whether fatty aed 
‘an be oxidized in the absence of cell structure, peartieuleriy eee thy 
essential means of securing this result were fairly well estabdeehed be th 
work of Leloir and Munoz and of Lehninger. Hlowewer. bee 
pated that other metabolic reactions whieh hitherto cates 
cells may be attacked with the object of demonstrating the 
free extracts. The present study may serve to show bow the bewmeggemeet 
technique may be employed to gain this end and to help cetaldeey (he oom 
clusion. 

Although assays for fatty acid oxidase are not wet om 
quantitative direct basis, considerable information cam be of@eoned 
means of the washed preparations if satisfactory 
and without evtochrome ec can be obtained om the 
as well as on the washed preparation. 


SUMMARY 


|. The variation in the extent of cell rupture in “beet ome 
and ‘water’? homogenates is emphasized, and the of 
eXamination is pointed out. 

2. An objective test, which measures the loss of ewtoehwome cell 
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in liver homogenates, is utilized to determine a “‘eytolvsis quotient’ in the 
various types of homogenates. | 
3. The activation of fatty acid (Cs) oxidation by adenosine triphosphate 
in the presence of washed cells prepared from isotonic rat liver homogenates 
has been confirmed. 
1. Washed rat liver cells which were laked with distilled water gave 
fatty acid oxidase activity equal to that of isotonic control suspensions, 
when the reaction media contained IX* ions and eytochrome ¢ in addition 
to the components used with the suspensions. 7 
5. Water homogenates made isotonic and washed with isotonic: saline : 
gave residues which would oxidize succinate but not octanoate under the 


eonditions which permitted oxidation in the laked washed cell preparation. , 
Due tothe above considerations, the assay of fatty acid oxidase activ- 
itv cannot be made by direct means as vet. 
The author is happy to acknowledge the helptul criticism of Dr. Albert | 
lehninger, Department of Surgerv, University of Chicago, to whom this ] 


manuscript was sent before its final revision. 
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THE LACTOBACILLUS CASEI FACTORS IN THE NUTRITION OF 
THE CHICK 


By B. L. HUTCHINGS, J. J. OLESON, aso BR. STORST 


(From the Lahoratorics. River. New 
(Received for publication, January 2, 


Stokstad and Manning (1) demonstrated the existenee of an anechentefes 
growth essential for chicks which was termed tactor UF. Sell and Peterson 
(2) indicated the existence of a growth factor of unknown composition for 
Lactobacillus casei. Because of its properties, the substance was designated 
the ‘‘norit eluate factor.”” Hutchings ef al. (3) presented evidlenee ing 
that the “norit eluate factor’? was concerned in chick nutrition, thas 
gesting a relationship between factor U and the “neort eluate factor 

Since that time several crystalline products have heen meolaterd 
Pfiffner et al. (4) isolated a substance from liver which was exxemtiol for 
Lactobacillus casei and was active in promoting growth and hematopesern 
inthe chick. ‘This material was termed vitamin K.. Stokstad (5) elated 
Servstalline compound from liver and one liwer con 
pound Was active for casei, plococe fa callie KR. ane the ehiek 
veast compound had the same activity as the maternal elated from 
When assaved with L. case7, but was only one-half as aetive as the liver 
compound when assuved with Stre plococcus faccalis pent itiels 
were subsequently referred to as the liver and veast L. ease: factor Phe 
synthesis of the liver L. case: factor was recently announeed bw Angier 
etal. (6). 

The isolation of another form of the Lactohacllu« cases tactor was le 
scribed by Hutchings ef al. (7). This compound whieh wae obtained from 
a fermentation product was 85 per cent as active as the liver 1. cases factor 
when assayed with CASE). but only herr cont as anetive 
Streptococcus faecalis R. 

In a later communication, Hutchings «f af) OS) presented quantitative 
data on the activity of the fermentation compound for the ehiek ‘The 
fermentation Lactobacillus casey factor was “imately as active ase the 
liver L. case? factor in promoting grow th ane om the 
chick. It was suggested that the aetinvitw of pe 
would be a more general indication of its th-premeting and 
preventing properties for the chick than be the Str coal 
R activity of the compound 

In this communication further experiments woth the 
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Lactobacillus casei factor are described. Data are also presented tor the 
requirement of the chick for the swnthetic liver Lactobacillus casei factor. 


EXPERIMENTAL 


The composition of cur basal diet is shown in Table I. Day-old New 
wens red chicks were given this diet and water ad libitum and were 
housed in heated batteries. The Lactobacillus casei factor preparations 
were wi up at frequent intervals by dissolving the factor in 0.05 x 
<xdium hydroxide at a concentration of | mg. per ml. Fresh diets were 
made up weekly and various amounts of the L actobacillus case? factor were 
wdded directly to the basal diet. . 

The stock mash was a commercial chick starter fortified with 3 per cent 
each of dried whole liver, dried brewers’ yeast, and cerophyl. 

The chicks were w diated twice weekly and all experiments continued for 
weeks. Hemoglobin determinations were made by the method of 


Pesults 


Phe results with the fermentation Lactobacillus casci factor are oe 
in Table TL. leach series represents an experiment, done at a different ti 

with a separate lot of chicks. Series 1 and 2. show the effect of several 
levels of the fermentation Lactobacillus case: factor. “Also shown (Series 
3) is the effect of the addition to the diet of several sulfonamides that are 
known to inhibit intestinal bacteria. The sulfonamides showed no effect 


except a slight growth depression with sulfaguanidine, which was also: 


manifested on the fortified-stoek diet. It is to be noted that our diet 
contained 5 mg. of p-aminobenzoic acid per kilo. : 
Low levels, 0.16 to 0.48 mg. of the. fermentation Lactobacillus casei 
factor per kilo of diet, produced pronounced responses in growth and hemo- 
globin formation. The type of anemia which was encountered was. mac- 


rocytic and hyperchromic. These results are in agreement with those of 


(‘ampbell ef al. (10). Maximum growth Was obtained with approximately 
1.1 mg. per kilo of diet with no further increase When the levels were in- 
ereased up to 4.0 mg. per kilo. The grow th obtained equals that on the 
fortified stock diet. 

The experiments with the sv wthetic iver Lactobacilliis casei factor are 
tabulated in Table IIT. Although very marked responses are evident at 
low levels, maximum growth and hemoglobin values are obtained between 
0.5to 1.0 mg. of the synthetic compound per kilo of diet. 

The absorption spectra of the fermentation Lactobacillus casei factor and 
the synthetic liver compound are similar, differing only in their extinction 
coefficients: at 365 in 0.1 NaOH 130 for fermentation L. case? 
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factor, and LOG tor svnthetie liver 1. case: tacten wer the 
chromophoric groups of the two factor: are the samme. the ati of ths 
values ata given wave-length is ch cof Chee we oof 
two compounds. On this comparative basixs the fermentation 
factor should he 05.4 per cent as active os the rat event 
compound, The results presented demonstrate that the rutier of et 


the two compounds is of this general order. “The warketion of th: 


om position « lives 


Ingredient 
Cerelose* 53.0 Mietin 
Alcohol-extracted casein 22.0 Ribeflavin 
Calcium gluconate 3.0 p-Aminohenzeie acic 
Gelatin 0 Vitamin | 
Ruffext 
Soy bean ail 5.0 - 
Cholie acid 0.25 
Cystine. . O45 
Per cee (Oral dowsing, 4 dregee comes 
Choline chloride wh 
(‘alcelum pantothenate 43.0 Vitamen \ 
Pyridoxine. 0.5 

* Glucose monohydrate 

celluloses. The Fisher Seientifie ¢ Pet 


chick experiments mitkes ot tee the eet 


more accurately, 


failed to find any correlation bet ween ree whe ated the grew tl 
assayed with chicks. An explaination of wae | 
the fact that various naturalls chee 
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Henee, any conclusive comparative data based on microbiological and 


ehick assay of impure concentrates would be difficult) to obtain. 


The 


magnitude of these difficulties became apparent when Pfiffner ef al. (14) 


Requirement of Chick for Fermentation Lactobacillus casei Factor 


No. of 


Series No. chicks 


11 
11 
11 
1] 
11 
i] 
11 


2 10 
12 
12 
12 
12 
12 
12 
10 


10 


None 
0.16 mg. 
0.32 
400 
None 
meg. 


TABLE 


L. 


Supplement 


per kile 


. casert fuetor 


casei factor 
sé 
ae 


Fortified stock mash 


None 


0.80 mg. L. caset factor 


4.00 
0.80 


ac 


suxidine 


ae 


sulfathiazole 
Fortified stock mush 


guanidine 


* Figures in parentheses. 


0.7% 


Average weight 
and No. alive* 


at 28 days 


anifa- 


mg. L. casei factor + 0.79% sulfa- 
guanidine 
0.80 mg. L. casei factor + 0.7% 


carboxy- 


sulfa- 


214 


95 (4) 
156 
159 (9) 
(11) 
(10) 
(10) 
(11) 
(11) 
(11) 


215 
243 
266 
271 
260 


130 
237 


(1) 
(11) 
283 (12) 
244 (12) 
2 
(11) 
(12) 
(10) 
(10) 


(2) 
(10) 


(10) 
(9) 


278 
302 
293 
(10) 
292 (10) 
305 


251 


Average 
hemoglobin 
at 28 days 


per cent 


ay sj 
. 


isolated a crystalline conjugate from veust that was available to chicks, but 


which was inactive for bacteria prior to enzyme digestion. 


The evidence 


of numerous investigators (15-18) conclusively shows that such micro- 
biologically inactive conjugates are of wide occurrence in natural products. 


h 
7 4.8 
_ 5.4 
6.0 
et 
6 
3.9 
7.5 | 
ad 
3 
| 8.0 
4 
4 
10 
3 10 105 
LO 
10 | 
F 
10 5.2 
.48 for 
49) 
mo 
ry. 
| Th 
| 
| Be 


Briggs et al. (19), tse the teats net 
Hutchings cf al. (7), attributed vitamin “H 
compound. However, the fact that the 


hemoglobin formation were therm the of 


factor present in the criide cComecett rates tev | 
biological assav, led these workers to the (het 
active compounds existed. Seott of CO). 


compound, but only in the presemee of 


ttl 
Effect of Synthetic Liver Lactobacillus cases ead 


Series No. | " 
ned ve 
} None 
None 
0.3 mg. svnthetic cases 
5 we Pe 


* Figures in parentheses. 


The data presented above indicate that cm the 
Lactobacillus case? factor is as active in prommetimg growth 
formation in the chick as is the =wnthetic be 
with the naturally occurring liver “Thee the 
most active form of the compound for either 
The fermentation compound Was aetive the 
necessary to elicit a response 

In view of the apparent discrepaney between the of 


as reported by Pfiffner and associates, the aetiette of the 
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mentation Lactobacillus casei factor, as reported by Scott and coworkers, on 
chicks, Daniel ef al. (21) have advanced in v2tro experiments purported to 
reconcile these differences. 

In a study of the conversion of the fermentation Lactobacillus case; 
factor to a compound more active for Streptococcus faecalis R by an enzyme 
present in chick liver tissue, these investigators found that 8-pvracin was 
concerned in the reaction. “Their explanation was that either 6-pvracin was 
conjugated with the L. casei factor to form ‘folic acid” or the presence of 
3-pvracin facilitated the conversion. Attention is directed to the paper of 
Dav ef ali. (22) in which the enzyme present in rat liver that is capable of 
hvdrolyzing microbiologically inactive conjugates was efficacious in con- 
verting the fermentation L. caset factor into a compound with increased 
activity for Streptococcus faecalis R. The addition of 8-pyracin was not 
necessary for this reaction. Furthermore, previously published data (7) of 
the absorption spectra of the various L. casez factors would indicate that the 
fermentation compound is a higher molecular weight compound than the 
liver L. casei factor. It would thus appear likely that the enzymatic 
activation was of a degradative nature. 

The results presented substantiate our previous conclusion that the 
fermentation Lactobacillus casei factor is active in promoting growth and 
hemoglobin formation in the chick. Evidence presented in this paper in- 
dicates that the fermentation compound is as active on a molar basis as the 
svnthetic liver Lactobacillus casei tactor. 

Smaller amounts of either compound are necessary for hemoglobin 
formation than for maximum growth. 

The amounts of the fermentation Lactobacillus case? factor and_ the 
synthetic compound necessary to give growth equivalent to that of a 
fortified stoek mash are 1.1 mg. per kilo of diet and 0.5 to 1.0 mg. per kilo 
of diet respectively. 


SUMMARY 
The fermentation Lactobacillis casei factor and the synthetic liver 
Lactobacillus casei factor are active in promoting growth and hemoglobin 
formation in the chick. On a molar basis the two compounds are ap- 
proximately equally active. On our basal diet the two compounds are 
active under identical conditions. The addition of 6-pyracin is not neces- 
sarv for growth or hemoglobin formation. 


We are indebted to Miss Hilda B. Ritter and Miss Joyce Cook for the 
hemoglobin determinations. 
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THE REPLACEMENT OF VITAMIN Ay BY VETAMIN A EN 
THE RETINA OF THE RAT* 


HODGE. WILLS Je 


(rom the Lahoratories if ‘fucta ia ppee 
(Received tor pubbleatoen, Pelewary 


It is now well established that vision im cline te the plete 
chemical decomposition of ‘‘visual purple,” @ 
the retina (1). Visual purple is to com pugatee! 
which vitamin A or one of its derivatives proethetic he 
might be expected, the spectral sensitivity the ewe the 
absorption spectrum of visual purple with a af WIP 
a slight shift toward the red due mainly te light of 
media. 

In 1937, Wald (3) tound that certain water feel prt) 
system which differs from that found om mem 
The absorption of this pigment occurs at abewt S22 eee. the 
absorption spectrum is shifted somewhat toward Wale lemgt he 
reasonable to assume that in dim light thew fieh are comparatively eeere 
sensitive to red light and less ete with the mex 
tv pe of visual purple. To avoid confusion, the of 
salt water fish Was named rhodopsin, while the whee! 
fish was named porphvropsin 

At about this same time, other (4 >) Chat the 
of these fresh water fish contained, instead of 


substance having an absorption maximum the af 


350 Miu instead of 32S and that the semetiow 
product had an absorption maximum at of 
maternal was named vitamin and shortly thereaftee Wahl (6) ee wed 
this substance to be the prost het re th a 
is in rhodopsin. It has subsequentiy been (7, 8) thet 4 
has biological activity for rats ane bem fic 
the livers of animals that eat fresh water fel (® 

It would be of considerable interest te fined cart the «pee 


* Communication No. from the of 
This work was financed in part by the War f the 
Chamber of Commerce and in part by the of pee 


of Dr. Brian O’Brien 
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response curve of the human retina can be shifted toward the red region by 

the substitution of porphyropsin for rhodopsin in the retina. As the initial 

step in such a study, we investigated the possible replacement of vitamin 

A, by vitamin A, in the retina, liver, and blood of the albino rat. 
Procedure 

132 male and female rats were placed at- weaning (24 days old) in in- 
dividual cages and given the ‘‘vitamin A test diet” (10). After 9 weeks on 
this diet, the usual vitamin A deficiency symptoms developed and the 
colony was divided into two groups. One group of 63 vitamin A-deticient 
rats Was examined immediately; a group of 76 normal rats was examined 
-imultaneously for comparison. The remainder of the colony was placed 
on a daily supplementation of 100 ‘‘units” of vitamin A.! given orally by 
dropper in Mazola. The vitamin A, was extracted from the livers, pyloric 
coca, gastrointestinal tracts, and body fat of wall-eved pike (S//zostedion 
ritreum). These extracts all had an ultraviolet absorption maxinaum at 
352 mu, with a subsidiary peak at 286 my. The antimony trichloride 
products all showed a single absorption maximum at 695 mu. 

(jroups of six to eight rats were taken at mtervals of 3, 6, and 12 weeks 
and examined to see what changes had occurred in the vitamin A; and A, 
levels in the retina, blood, and liver. After 12 weeks on vitamin A. feeding, 
a group of forty-eight rats was examined. : 

At the time of sacrifice, the rats were placed overnight in a dark room 
and killed by decapitation. A minimum of illumination was furnished by 
a Kodak Series No. 2 Safelite. The blood was collected and allowed to clot 
and the serum taken. <A representative number of livers were removed, 
and the pooled sample weighed and placed under 95 per cent ethyl alcohol. 
The eves were removed promptly and placed in normal saline solution. 
They were transferred toa 4 per cent alum solution for a penod of about 2 
hours. The lenses were removed, and the retinas dissected out and placed 
in a phosphate buffer solution (pH 6.8), centrifuged, and washed with the 
sume solution repeatedly. The washed retinas were ground with sand 
uuder 4 per cent sodium glycocholate solution and the volume brought up 
to about 15 ml. After standing for an hour, the mixture was centrifuged 
and the supernatant liquid poured off. | 


' Since there is no standard unit of vitamin A», we have adopted, pro tem, the ex- 
pedient of employing an arbitrary physicochemical or spectral unit. This is deter- 


mined by using the same conversion factors as are used in this laboratory for ealeu- 
lating units of vitamin A, fromits extinetion coefficient at 32S mu in the ultraviolet 
or the extinction coefficient at 620 mu for its antimony trichloride product. Thus the 
potencies in units of vitamin A, were calculated by multiplying the extinction coefh- 
event at 352 my by 2000 and, for the antimony trichloride product, by multiplying the 
extinction coefficient at 695 mu by 750. 


| 
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The transmission spectra ot the retmmal were 
glycocholate solution. The small amount of light gree 
mission spectra produced no bleaching of the viewal parple Seebeequeenth 
the retinal extracts were exposed ter t 
occurred at 500 my, and curves for the bleached @ere 
Since these extracts all had considerable pee op 
900 mu region, the curve of the bleached sample wee thy 
original in order to obtain a better curve of the 
must be noted, however, that this procedure wotlk wrelel @ true “pee 
the visual purple only if it is assumed that ne other procwete eheoehene » 
the same region are produced at this time. Sumee rt pe 
such products are formed, the curve obtamed bw subtraction met fem 
curve of the visual purple. However, for the purpeses of thee eepewhent 
the difference is not significant. 

Retinene was extracted with benzene trom the 
solutions, and its antimony trichloride spectrum reearded 

The blood sera and the livers were extracted tm the 


spectra of the antimony trichloride colors obtamedt 


Peesults 


Amount and Character of Visual Purple As can be seem trom Oe 
normal rats had a visual purple curve with maximum at 
that rhodopsin was present.2. The vitamin mate of 
the same time also showed the presence of 
amount. In contrast, the large group of rats whieh head been om ertenem 
A» supplementation for 12 weeks gave a \ tical purple curve with an almewp 
tion maximum at 520 mu. Since the absorption ef 
sin oecurs at 522 + 2 mu, this shift of the speetrum imediewtec thet the 
visual purple of the vitamin A.-fed rats had been te 
to.the extent of about SO per cent or more 

The primary question with which this comeermed 
whether or not an animal normally utilizing only 
pigment can produce the typical vitamin A.-containing Views! perphe Pig 
l gives aclear cut answer to this question. On prolonged feeding of 
min A», the rat has almost entirely replaced vitamin Ay by 
Visual purple of its retina. 

Relinene-—The bleached visual purple extracts were extracted with 


The retinas from thirty-three frogs were examined feet pe 
cedures. An e@ellent rhodopsin curve was obtained. The ‘on 
contaim nbout twice is Vis tal om Pas Phe of 


Che livers contared units geri of vitamin \ 


| 

| 
| 

| 


hos REPLACEMENT OF VITAMIN A; BY Ao 


benzene and examined for retinene, which gives a characteristic antimony 
trichloride blue color with a maximum at 664 mz (2). -Definite evidence of 
retinene was found in the extract from the visual purple of normal rats. 
No retinine could be detected in the benzene extract from the bleached vis- 
ual purple of rats which had been fed vitamin A, for 12 weeks. However, in 
the latter case, the presence of retinene was not expected, since, according 
to Wald (6), bleached porphyropsin vields a different substance, retinenes, 
This compound gives an antimony trichloride product having an absorption 
maximum at 706 mug. Unfortunately, this wave-length was beyond the 
limit of the spectrophotometer used. 

Vitamin A in Retina—TVhe amount of vitamin A, in the bleached retinas 
of two small groups of normal rats was found to be 0.64 and 0.87 units per 


DENSITY 


0.05 


400 450 500 550 600 650 
WAVELENGTH mu 


Fig. 1. Absorption spectra of the visual purple extracts from normal rats (Curve 
«>, vitamin A-deficient rats (Curve >), and previously depleted rats fed a supplement 
of 100 units daily of vitamin A. for a period of 2 weeks (Curve e). 


rat. A comparative measurement on the retinas of a small group of vitamin 
A-deficient rats showed only one-fourth to one-third as much vitamin A 
(0.23 unit per rat) as is normally present. After 3 weeks of feeding 100 
units of vitamin A. daily, the retinas of a small group showed 0.83 unit of 
vitamin A, per rat. No evidence of vitamin Az was observed. Atter 6 


weeks of vitamin A, supplementation, the retinas from another small 


group showed 0.75 unit of vitamin A, per rat, with the appearance of just a 
trace of vitamin A,. It appears that the retinas pick up vitamun A, ex- 
tremely slowly and tend to maintain normal levels of vitamin Aj. since 
all of the available retinas were needed for the visual aoe estimation on 
the rats fed vitamin A, for 12 weeks, no vitamin A determinations were 
made on the bleached retinas of these animals. 
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Vitamin A, in Liver—The livers of normal rats fromm 
were found to contain 125 to 135 units of vitamin A) per em 
seen from Fig. 2, where the spectra of the antimony trehlerwde preciget. 
are given, the extract of normal rat livers shows « “ingle ol 


mum at 620 mu. 


The curve for the liver extracts 
animals also has its absorption maximum at the beet 


| peak is markedly depressed and corresponds to about 5 per com 


per gm.) as much vitamin A, as was found in the normal 
The large group of vitamin A-deficient rats placed om 100) weete of 


3 
LO} 
> 
D 
2 
ra) 
\ 
500 550 600 
WAVELENGTH 
Mic. 2. Absorption spectra of the wile 
the livers of normal rats (Curve vitamin \ ote 
rats fed supplement of 100 units daily of 


weeks (Curve ¢) 


A, daily resumed growth promptly, and 
disappeared. (;roups of rats each were sacrificed alter 
Az supplementation for 3, 6, and 12 weeks. “Thee allies 
3 weeks contained only vitamin to the extent of 52 pew 

There was no indication of a tendency to inereased depesttios ef 
As on continued feeding. Thus, the livers of rat« after © amd 12 weeks 
contained 36 and 40 units of vitamin A, per reepeetiveds The tiv 
from the rats of the large group on vitamin .A, supplementation fee 12 week 
(Fig. 2) showed only vitamin A. (antimony trichlornwle pot 
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at 695 my). At this time, the livers contained 76 units of Vitamin A, per 
gm. The prompt rise in the vitamin Az level of the rat livers to values of 
46 to 76 units per gm. and the maintenance at this level during continued 
feeding of vitamin A, are evidence, of a systemic balance which maintains a 
constancy of vitamin A» in the liver at a given level of intake. Such 4 
phenomenon has been previously noted by Lewis ef al. (12), who report that 
when vitamin A-deficient rats were placed onan intake of 100 units of vita. 
min A, daily the livers establish a store of approximately 113 units per gm. 

Several points emerge from these data. In vitamin A-deficient rats fed 
Vitamin A», the vitamin A, appeared promptly in the liver and established 
a definite storage level. In this respect, vitamin Az apparently follows g 
pattern of systemic behavior similar to that of vitamim A;. Only vitamin 
A. was found in the liver even after as short an interval as 3 weeks of vitamin 
A, supplementation. In the liver, vitamin A», appears to be a suitable 
biological replacement for vitamin A. 

Vitamin A» in Blood—The blood serum trom two large groups of normal 
rats was found to contain 1.0 and 0.7 units of vitamin A; per ml. The curve 
lor the antimony trichloride product (Fig. 3) of the normal rat blood extraci 
showed a maximum at 620 my. The curve of the vitamin A-deficient rat 
blood extract showed a single maximum at 620 my, but the height of the 
absorption curve was greatly reduced, as compared to that of the normals, 
The blood of these rats contained only 0.2 unit of vitamin A, per ml. or 
about one-fourth to one-fifth as much vitamin A, as is normally present. 

The blood serum from a group of six rats Was examined after 6 weeks on 
Vitamin A, supplementation, and it was found that vitamin A» had appeared 
in the blood (0.2 unit per ml.), although vitamin A, still predominated 
‘O.3unit perml.). This relationship was reversed after 12 weeks of vitamin 
Ay supplementation, at which time 0.2 unit per ml. of vitamin A, and 03 
unit per ml. of vitamin A, were found in.the serum. An anomalous 
finding is recorded in the values for the blood serum of a group of six rats 
chosen at random after 12 weeks on vitamin A» supplementation. In this 
serum only vitamin A, was present in the amount of 0.8 unit per ml. No 
reason for this anomaly is known. 

In contrast to the rapid uptake of vitamin A, by the liver, the blood 
seemed to retain vitamin A, tenaciously. . Tt would appear that 100 units. 
of vitamin A. have been transported daily by the blood stream, deposited in 
the liver and other tisstiies, metabolized, and perhaps excreted for as long a 

‘Jensen efal. (S) have found from a study of carefully prepared concentrates tha 
the antimony trichloride product of vitamin A, has absorption at 695 my equal to 
about 5 per cent of its absorption at 620 mu, while the antimony trichloride product of 


vitamin A, contributes absorption at 620 mu equal to about 33 per cent of its absorp- 
tion at 695 me. The relative amounts of vitamins A; and Asin mixtures were calet- 


lated this basis. 
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period as 6 weeks without significantly altering the vitamum A, lewel mm the 


blood as compared to that of vitamm A-defieent The temactts 
of retention of vitamin A, Is further demonstrated bv the amount of rtanwn 


Ay found in the blood after 12 weeks of vitamim A. feeding. The tetal 
amount of combined vitamin A; and vitamin A, in the blood serum after 12 


weeks is nearlv up to the normal level of vitamin A; m rat blow. Lhewewer. 


it is apparent that prolonged periods ot \ itamin \. teexling werk) ber 
sary to replace vitamin A; completely, if indeed this » powable Tt may be 
that small amounts of vitamin .\, are stored im many theetnes of the heele cmd 


z 
$50 
WAVELENGTH 
Fic. 3. Absorption spectra of the antimony teaethem af thy 
extracts from blood serum of normal! rate (Curve \ che fate € 
b), depleted rats fed a supplement of 100 unite dearly of 


and rats fed the vitamin supplement for 12 


that upon feeding Vitamin A, these stores are gradualiv regiecw i 
vitamin Ay thus released perhaps finds its wav mto the blow! «(ream and « 
responsible for its continued appearance there. 
appears in the blood stream in a reasonably cometant anon! amd seme. 


over a protracted period of vitamin feeding, to be the 
vitamin Ay. 


Functional Replacement of \itamin Ay by Ay Ome of the um 


portant generalities which emerges from this study we the apperemt abalety 
of vitamin A, to replace vitamin in general body fumetions. ‘The 
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A-defierent rats without supplementation of vitamin A presumably would 
have died. When 100 units daily of vitamin A, were administered to each 
rat, all symptoms of vitamin A deficiency rapidly disappeared; growth wag 
immediately resumed and the xerophthalmia healed. The coats became 
healthy looking and the rats were lively, ate well, and were in excellent 
condition. The livers promptly took up stores of vitamin A» and vitamin 
A, appeared in the blood and in the visual purple. The survival and growth 
on Vitamin A, supplementation and especially the production of porphyrop- 
sin in the retinas indicate the usefulness of vitamim <A: in those body fune- 
tions in Which vitamin A, is considered necessary. 

Vilamin Ay Reproduction — 6 weeks on vitamin supplementation, 
the rats were mated: eight groups of two female rats were placed in separate 
cages, With one male for each group. Only half of the females became preg- 
nant, but this percentage is not extraordinarily low in first ‘matings. 
Only one of the females raised its voung, although all that were pregnant 
delivered litters. In general, the pups were not very strong and varied 
markedly in weight in each: litter. The pups that died had stomachs well 
filled with milk, showing that the fadure was not in the milk supply. The 
one surviving litter was placed on 33 units of vitamin Ay daily at weaning, 
and, during the latter part of the lactation period, the mother was put back 
on the usual dosage of 100 units daily. The pups had grown well at the 
time of sacrifice, having body weights of 56 to 80 gm. Unfortunately, the 
extracts of blood, livers, and retinas of the pups were cloudy and no satis- 
factory measurements of the antimony trichloride products of these tissues 
could be obtained. The loss of such a high percentage of the litters is 
unusual and may reflect some fault in the ability of vitamin Az, to replace 
vitamin A,;. Further evidence of such a fault may be found in the wide 
variation in the size of the pups. The value of vitamin A, in.reproduction 
and the survival of young rats is open to further experimentation. 

Sex Differences in Response to Vitamin As—-In comparison of the growth 
curves of the rats following vitamin A. supplementation, a difference was 
noted in the growth responses of male and female rats. For example, after 
3 weeks on 100 units of vitamin A, the two male rats in one small group had 
increased about 35 gm. in body weight. whereas the four female rats had 
increased only 10 gm. After 6 weeks on vitamin A, feeding, the male rat 
in another small group had gained 100 gm. in body weight, whereas the five 
female rats had increased only 35 gm. on the average. In the large group 
during the 7 weeks for which weight reeords on vitamin A, supplementation 
are available, the twentv-cight male rats showed an average increase of 50 
gm. in body weight, while the sixteen female rats showed an average In- 
erease of only 27 gm. This sex difference is also supported by evidence 
gained from an experiment in which two male and two female rats on anormal 
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intake of vitamin Ay were ted LO,000 units daily of vitanun \, for 2 weeks 
At the end of this time, the livers were examined separately. The liwers of 
the male rats contained 39 and 68 units of vitamunm Ay per gm. and 171 amd 
954 units of vitamin .\. per gm., respectively. The liver of the female 
rats contained 112 and 133 units of vitamin A, per gm. amd 106 amd 14) 
units of vitamin per gm., respectively. Thus, the proportion of vitanen 
A. to vitamin A, was much higher in the livers of the male rate than im those 
of the females. However, evidence for sex differenee im utiliaation of 
vitamin A» by males and females is insufficient to be regarded a= comehmeve 

It should be noted here that, aside from the difference im growth reponse 
of the male and female animals, neither sex shows the wenght gam thet 
would be predicted for a daily supplementation of [OO unite of writen \ 
on the assumption that vitamin A» is equal in potemey to wrtamum Ay The 
isin line with the observations of both Gillam ef af. (7) and Jemsenm ef af. OS) 
who found that the growth response to higher levels of vitamin A, feeding 
was not as great as would be predicted from the respomee at bow bewele “The 
per day) were much more toxic than equivalent doses of witanmem A, 
This phenomenon may reflect some difference in nologies! response te 
vitamin A», or may be caused bv some contaminant m the fresh water freh 
liver extract. 


Dr. kK. C. D. Hickman provided the origimal!l stimulus and eel 
laboration at every step of the investigation. 

The authors wish to express their thanks to Mir. of the 
Kodak Research Laboratories for measurements of the veel epeetra, te 
Dr. F. P. Pingert of the Eastman Kodak Company for preparatrom of the 
sodium glycocholate solution, to Dr. A. B. MeCoord of The Uniweneaty of 
Rochester School of Medicine and Dentistry tor some of the wrfenem  \ 
determinations, and to Mr. Ray Kesel of The University of Hoeheeter 
School of Medicine and Dentistry for technica! 


SUMMARY 


Vitamin A» can be incorporated into the visual purple of albene mat, 
an animal normally utilizing only vitamin In thos retinal 

2. Upon administration of 100 “units” of vitamin A, daily, the lower ot the 
albino rat promptly develops and maintains « store of vitamm A, 

3. Upon continued feeding of vitamin A,, the blood of the albune rat 
slowly increases in vitamin A, content while tenaciously holding to the 
vitamin A, available. 

4. Vitamin A, appears to replace vitamin A, successfully 
tant body functions of the rat. 
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THE SYNTHESIS OF POTENTIAL ANTIMALARIALS 
DERIVATIVES OF PANTOYLTAURINE® 


By J. F. MEAD, M. M. RAPPORT, A. E. SENEAR, J. T. MAYNARD 


AND J. B. KORPELI 
(From the Gates and Crellin Laboratories of Chemistry * Cali fornva lasttate of 
Technology, Pasadena 


(Received for publication, January 22. 1046 

The general hypothesis as to the mode of action of chemotherpewtic 
agents, Which has been formulated by Fildes, Woods, Mellwaim, amd others 
(2), offers a rational and useful guide to the design of new drugs. Thee, 
bacteriostasis 1s pictured as caused by the blocking of resections essential 
to growth by an inhibiting substance which has a structure similar te thet 
of one of the normal enzymes or metabolites essential to the @rowth of the 
organism. 

There is some indication that such a mechanism may also be invelwed im 
the ease of protozoa, since it is known that certain of the sulfomamides are 
plasmodicidal in vivo. Toextend this approach to /’lasmedium by attempt 
ing to block essential metabolites or enzymes other than those mvelwed im the 
action of the sulfonamides has been made difficult by the lack of knowledge 
of the essential metabolic requirements of the parasite 

An important lead to this approach has been furnished by Trager Ct). 
who showed that the survival in vitro of Plasmodium lophurac « lavowed by 
the presence of calcium pantothenate. Although the evidenee ie indireet. 
Trager’s results indicate that pantothenic acid is the onlw growth feetoe 
of known chemical structure thus far demonstrated for any «peeies of 
Plasmodium. 

The hypothesis of Fildes e/ al. has been tested experimentally bw the 
design and preparation of several new growth inhibitors for heetera 
In the case of pantothenic acid, Snell (4) was the first to repert the prepare 
tion of a salt of dl-pantoyltaurine which inhibited the growth of ecertam 
bacteria in vitro and he showed that the inhibition was rewermed by pete 


* The work was done under a contract, recommended by the Committee om Meee! 
Research, between the Office of Scientific Research and Dewek the € wl) 
fornia Institute of Tec ‘hnology. The paper was submitted to the \dwieerw Coen: 
tee on Publications, National Research Council, October 2) toe 

The simplified nomenclature has been employed (see Harnett aed 
in which “‘pantoyl”’ is used for the a,y-dihydroxy-¢, 
The designation and has been to indicate cmly that the 
dextrorotatory or levorotatory. 

Contribution No. 049. 
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thenic acid. In the same year Kuhn, Wieland, and Moller (5) prepared 
solutions of the d and | modifications a pantoyltaurine and they reported 
that the d form was 32 times more active than the J form as a growth in. 
hibitor for certain bacteria. Independently, MelIlwain, Barnett, and 


Robinson (6) prepared and tested as bacterial inhibitors not only dl-pan.” 


tovltaurine but also di-pantovitaurylamide and a number of other analogues 
of pantothenic acid. 


In the light of Trager’s evidence that pantothenic acid 1s an essential 


growth factor for Plasmodium lophurae and of the work of Snell, MclIlwain, 
and Kuhn, showing the existence of several compounds known to interfere 
with pantothenic acid metabolism, at least with respect to bacteria, the 
advisability of testing pantothenic acid inhibitors for antimalarial activity 
becomes evident. | 

The work reported here describes the preparation, m as pure a form as 
possible, of the optically active d-pantoyltaurine (1) and several of its de- 
rivatives, I], 111, 1V,V. Vi, and VII, primarily for testing as antimalarials 
and incidentally for testing with a variety of other pathogens. 


HO—CH.—C(CH,):—CH (OH) —_CO—-NH—CH:— CH,—80:—R 


=--ONa 
1. R = — NH, V. R = 
> CH,—CH 
VI. R = ~—-NH—CH CH 
IV. R= -NH 4 3 CH.-—-CH: 
\== VII. R = —-NH—CH,— (CH,),.—-CH: 


A report of the results obtained with compounds I to VIT in tests on avian 
malaria will be reported elsewhere.! It may be stated, however, that 
d-pantoy ltaurylamide (I1) showed definite activity vivo in the suppression 
of parasites under certain test conditions. 


EXPERIMENTAL 


d-Pantoyltaurine (Sodium Salt) (1), GSN 327)'—This compound was pre- 
pared in a manner similar to that emploved by Snell (4) for the preparation 
of the optically inactive compound. The preparation of solutions of the 
¢ and | modifications has been reported by Kuhn-ef al. (5). 

To 36.4 gm. of thoroughly dried /-pantolactone were added 41.2 gm. of 

The Survey number, designated SN, identifies a drug in the records of the Survey 


of Aotimalarial Drags. The antimalarial activities of the compounds to which Sur 
vey numbers have been assigned will be tabulated in a fortheoming monograph. 
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the dried sodium salt of taurine and the mixture heated between 115 12° 


-for-4.5 hours with occasional stirring. Bubbles of gas appeared to evolve 


during the reaction. ‘The melt was poured into absolute ethanol and, wpem 
standing, formeda gel. The product was extracted with 700 ml. of abeolete 
ethanol, the ethanol concentrated in vacuo to 100 ml... and GOO ml. of ace 
tone added. A powder precipitated which, after standing overnight at 0" 
was filtered, washed with acetone, and dried over sulfurie acid ts raewe 
There were obtained 46.5 gm. (90 per cent on the basi« of lactone comewmed 
of a white deliquescent powder melting with efferweseenee at 10 the" 
[a]? = +23.4° (27.2 mg. in 1.93 ml. of water). 


CH yOeNSNa. Caleulated. 34.7. HSS. N New 
bound. $4.5. 


d-Pantoyltaurylamide (1), (SN 3279)— Taurviamide hwdrochloride, pre 
pared by the method of Miller, Sprague, Kissinger, amd Melurnew (7), wae 
converted to the free base as described by Barnett and Rebimeam (8). The 
oil thus obtained crvstallized to a solid melting at 00-100": heequee if ix 
hygroscopic, it was used without further purification. Taurvlamide (104 
gm.) was heated with /-pantolactone (21.0 gm.) at 100-110° for 3 heer 
(see Barnett and Robinson’s (8) procedure for the preparation of the 
optically inactive compound). The product (39 gm.) was a hwereseopte 
viscous gum which could not be induced to erystallize. A. sample wae pwr 
fied for analvsis by repeated precipitations from ethanol with Meprepy! 
ether; after prolonged drving over phosphorus pentoxide t# eaewe, the 
d-pantoyltaurvlamide consisted of a colorless glassy solid. fe)” 
(52 mg. in 2.0 ml. of water). 


Caleulated, N 10: found? tat 


Since the comdemeation of 
the acid chloride and 2-aminopyridine, whether carried out in pyridine or 
in water with sodium carbonate, always resulted in the hydrolysis of the 
sulfonyl chloride, the following conditions were emploved: Te 25 gm. of 
2-aminopyridine in the minimum amount of benzene were added 35 gm. of 
3-phthalimidoethanesulfony] chloride (7) in benzene. The resulting sole 
tion was refluxed for 1 hour and allowed to cool. The preetpitate, whieh 
formed during the reaction, was filtered off, stirred with dilute sodium bi 
carbonate solution, filtered, washed with water, and dried over sulfuric acid 
m vacuo. For purification, this product was refluxed with 150 ml. of 
methanol, allowed to cool, and filtered. There were thus obtained 33 gm 
of colorless prisms, 


213-215°. 


* A semimicro-Kjeldahl determination was carried out by Mr. C. T. Kecdeowns 
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Caleaiated. H 4.0), 427 
Found. 


J auryl- 2-aminopyridine To 23 yr. of the above 3-phthalimidoethane- 
seulfony!-2-aminopyridine suspended in 200 ml. of hot ethanol were added 
11.7 mi. of 42 per cent hydrazine hydrate (9), and the mixture was refluxed 
om the water bath. During 15 minutes, the solid had dissolved, and a pre- 
eymtate had begun to form. The mixture was refluxed for 1 hour, cooled. 
end filtered. The intermediate thus obtained was dissolved in 1 liter of hot 
water and treated with 13.5 ml. of concentrated hydrochloric acid. When 
the solution had cooled, the phthalhvdrazide was filtered off, and the 
ltrate evaporated to dryness. The solid thus obtamed, after several 
eryvetallizations from ethanol, proved to be a mixture of the mono- and di- 
hydrochlorides of taurvlaminopyridine. Although they could never be 
completely separated, it was found that the monehydrochloride melted at 
ubout 165°, while the dihydrochloride had a melting point of about 190°. 
The hydrochlorides were each treated with the required amount of sodium 
bicarbonate solution. On evaporation of the aqueous solutions and crystal- 
lization of the residues from absolute ethanol, the same compound was 
obtaimed from both hydrochlorides as colorless clusters of platelets, m.p. 


N 20.9 


Caleulated. 41.8. H 5.5: | 
an: 


Found. 


(ITI), (SN 4.5 gm. ot 
taurv!-2-aminopvridine were added 3 gm. of /-pantolactone, and the mix- 
ture was heated at 115-120° for 5 hours. After standing overnight in a 
desiccator over sulfuric acid, a product was obtamed which solidified upon 
dissolving in acetone and pouring the solution into a large volume of dry 
ether. The material which precipitated was filtered under anhydrous con- 
ditions and dried over phosphorus pentoxide in vacuo. The 5.5 gm. of 
semicrystalline material thus obtained were livgroscopic and gradually 
became dark and gummy on exposure in the air. The best samples decom- 
posed so rapidly that satisfactory analvses were not obtained. They had 
a melting point of about 53°. . [a]s*> = +18.5° (62 mg. in 2.0 ml. of water). 

17.2 gm, of 2-amino- 
pyrimidine suspended in 50 ml. of dry pyridine were added slowly, with 
shaking, 46.5 gm. of 8-phthalimidoethanesulfonyl chloride. The solid 
gradually dissolved, and, after an hour, a flocculent precipitate began to 
form. The suspension was stirred vigorously overnight and then poured 
into | liter of water. The resulting suspension was neutralized with sodium 
and filtered. After drying, the product was obtamed as 34-8 
em. (SS per cent) of a brown powder melting at 245-250°, After several 
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recrystallizations from glacial acetic acid a sample was obtained as colorless 
prisms, m.p. 945--947°. 


Calculated, C 50.6, H 3.6: found, C 50.5, 43 


Tauryl-2-aminopyrimidine Hydrochloride— The hydrolysis of the phthal 
imido compound was carried out with hydrazine hydrate and hydrochlore 
acid solution, as described for the preparation of tauryl-2-aminopyridine 
The hydrochloride was obtained in 75 per cent vield as colorless prieme from 
dilute ethanol, m.p. 215-216°. 

N,OoSCIl. Calculated. C 30.2. H 4.6. N 23.5 

Tauryl-2-aminopyrimidine Hydrate—On neutralization of an aqueou- 
solution of the hydrochloride with sodium bicarbonate, a precipitate wae 
obtamed which after filtermg and drving consisted of flat hexagonal priemme. 
Asample of this material, when heated, softened above 140° and melted at 
151° with decomposition. 


Found. 


Tauryl-2-aminopyrimidine—On heating at 100°, the hydrate slowly de 
composed. About 85 per cent of the theoretical amount of water wae 
removed by drying at 106—110° for 4 hours in a vacuum over phoephorw 
pentoxide. ‘The compound thus obtained regained the water on standing m 
the air. It has not been obtained in pure form because of ite metabality 
and the crude material was used for the next reaction. 

d-N*-(Pantoyltauryl)-2-aminopyrimidine (IV), (SN 7293)-—-Pimelw pew 
dered tauryl-2-aminopyrimidine hydrate (1.1 gm.) was dried at 92° wader « 
high vacuum for 18 hours. ‘To the resulting solid was added 0.9 gm. of 
l-pantolactone, and the mixture heated at 97-98° for 6 hours and at 115 
for an additional 30 minutes. A clear melt was obtained. The tempers 
ture was lowered to 100° and the heating continued for 8 howr. Diem. 
this latter period, some crystallization was observed. The reaetion 
was dissolved in hot ethanol, filtered, and allowed to stand owernight. The 
supematant solution was decanted from a small amount of hywgreeeoge 
amorphous solid and treated with isopropyl ether. After standing for «ome 
time, small clumps of crystals were deposited. After filtering and devine. 
the product (0.45 gm.) was recrystallized from absolute ethane! and ecoler 
less clusters of crystals, m.p. 177-178.5°, were obtained. [a]? «= +23." 
(21.9 mg. in 1.99 ml. of water). 


Caleulated. C 43.4, N 169 
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8-Phthalimidoethanesulfonyl-2-aminothiazele—To 19 gm. of 2-aminothia. 
vole in the minimum amount of benzene were added 25 gm. of the 8-phthal- 
wmidoethanesulfony! chloride in benzene, and the solution was refluxed for l 
hour, After cooling, the solid which had precipitated was filtered off and 
allowed to stand overnight in sodium bicarbonate solution. It was then 
filtered, washed with water, dried over sulfuric acid, and crvstallized from 
glacial acetic acid. There were obtained 27 gm. of a product witha melting 
point of 227-228°. 

(HON sS.. Calculated, C 46.3, H 3.3; found, C 46.6, H 3.3 


The attempted hydrolysis of this compound with hydrazine hydrate and 
dilute hydrochloric acid was accompanied by a large evolution of hydrogen 
sulfide and led to the production of a dark oil, from which no identifiable 
compound could be obtained. : 

Tauryl-2-aminothiazole Hydrochloride—A solution of 76 gm. of 8-phthal- 
imidoethanesulfony!l-2-aminothiazole in 1500 ml. of 92 per cent ethanol 
containing 54 gm. of sodium hydroxide was heated at 60—65° for 24 hours. 
It was acidified with 10 N ethanolic hydrogen chloride and, after standing 
wu» the cold for several hours, filtered from the sodium chloride. ‘The filtrate 
was evaporated to dryness under reduced pressure, and the residue dissolved 
im acetone and filtered to remove the unchanged starting material. The oil 
thus obtained was extracted with 170 ml. of water in portions and decanted 
irom a smal) amount of insoluble oil (starting material and phthalic acid). 
Evaporation of the solution gave 15 gm. of crude tauryl-2-aminothiazole 
hwdrochloride, which was recrystallized from glacial acetic acid to give 13.3 
gm. of rosettes of needles, m.p. 187-190.5°. An analytical sample melted 
at 193-195°. From the reaction there were recovered 29 gm. of starting 


material. 
Caleulated. 24.6, H4.1,N 17.2 


Found. 


Pantoyliauryl)-2-aminothiazole (V), (SN 9667)-—To 1.7 gm. of tauryl- 
2 aminothiazole hydrochloride in 2 ml. of warm water was added 0.6 gm. of 
sodium bicarbonate. The resulting brown solution was dried 7n vacuo over 
sulfuric acid and finally over phosphorus pentoxide. To the above mixture 
of tauryl-2-aminothiazole and sodium chloride was added 0.91 gm. of 
|-pantolactone, and the mixture heated at 80-90° for 2 hours: The product 
wae extracted with 10 ml. of hot absolute ethanol, filtered, and the solvent 
removed under reduced pressure. The residual brown oil was washed 
repeatedly with cold acetone and finally dried in vacuo over phosphorus 
pentoxide, whereupon it solidified to a light brown powder. The product 
was soluble in water, but, on standing in solution, decomposed with evolu- 
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tion of hydrogen sulfide. It was also unstable in moist air, but remaed 
unchanged over long periods when kept over phosphorus pentoxide. Ne 
significant rotation could be observed. 
Cy Caleulated. C 39.2, H 57 
Found. 
To 13.7 gm. of 3-phthal 
‘midoethanesulfonyl chloride dissolved in 250 ml. of acetone were added 
10.5 gm. of cvclohexylamine. The solution was refluxed for | hour and then 
poured into a large volume of water. The solitl was recovered by filtration 
and recrystallized from ethanol to give 15 gm. of long colorless needles. 
m.p. 152-153°. 
Calculated. C 57.1, H6.0,N 834 
Taurylaminocycloherane  Yhe phthalimido compound was hydrolyzed 
with hydrazine hydrate and hydrochlorie acid, as described for the prepara 
tion of taurvl-2-aminopyvridine, The taurvlaminocyclohexane was obtamed 
in quantitative vield by neutralization of the hygroscopie hydrochloride 
followed by evaporation of the aqueous solution and extraetion of the res 
due with ethanol. On reervstallization of the crude produet from ethanol, 
there was obtained a colorless product, m.p. 92 93°. 
d-Pantoyllaurylaminocycloherane (VI), (SN 3281) Yo 6.2 gm. of tawey) 
aminoevclohexane were added 4 gm. of ¢-pantolactone, and the mixture 
heated at 120° for 4 hours. The resulting oil was solidified by dissolving it 
in acetone and pouring the solution into drv ether, but it could not be m- 
duced to crystallize. There were thus obtained 9 gm. of the erude prod. 
uct, which was used for testing. A portion of this product was disselwed 
ina small amount of water, and this solution, after standing for several 
days, slowly deposited colorless crystals, which were filtered off and re- 
crystallized several times from water plus a few drops of ethanol, to give 
colorless needles, m.p. 125-126°. [a]? = +2.7° (67 mg. in 2.0 ml. of 
Water). 


solutvon of 20) of 
8-phthalimidoethanesulfonyl chloride dissolved in the minimum amount of 
benzene was added a solution of 41 gm. of octadecvlamine in benzene. The 
solution was refluxed for 1 hour and then evaporated to drynes« under 
reduced pressure. ‘The residue (about 50 gm.) was reervetalliaed from 
ethanol to give 33 gm. of colorless plates, m.p. 10% 100_5° 
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(..H6O,N-8. Caleulated. C 66.4, H 9.2, N 52 


The alegholic mother liquors were evaporated almost to dryness and 
poured into a large amount of ether, whereupon the octadecyvlamine hydro- 
chioride precipitated in a fairly pure form, m.p. 155—-160°. 

Taurylaminooctadecane— Vhe hydrolysis of the phthalimide compound 
wae earmed out with hydrazine hydrate, as described for the preparation of 
The combined precipitate of phthalhvdrazide 
and taurvlaminooctadecane hydrochloride was centrifuged down, and, after 
removal of the excess hydrochloric acid by several washings with water 
followed by recovery of the precipitate by centrifuging, the solids were 
treated with two successive portions of normal sodium hydroxide solution, 
The product from this treatment was filtered, washed thoroughly with 
water, and dried over sulfuric acid. The resulting solid was twice crvstal- 
lized from ethanol to give 16 gm. of colorless needles, m.p. 90-91°. The 
haeic filtrate and washings could be acidified to recover the phthalhydrazide. 


d-Pantoyltaurylaminooctadecane 11), (SN 3282)--To 19.8 gm. of the 
above taurvlaminooctadecane were added 7.5 gm. of /-pantolactone, and the 
mixture heated at 100° for 2 hours. The resulting solid was recrystallized 
from ethanol to give 23 gm. of colorless prisms, m.p. 98—-100°. [a]** = 
+51.0° (46 mg. in 5.0 ml. of chloroform). 


Caleulated. C 61.7, H 10.7, N 5.5 


itempted Pre paration of Pantoyltauryl-9-aminoanthracene (SN 5923)— 
Although the instability of certain of the intermediates and of ‘the final 
product has precluded satisfactory analyses, we wish to record the results 
obtained, 9-Nitroanthracene (10) was prepared and reduced to 9-amino- 
anthracene (11, 12) with stannous chloride. The compound had a melting 
point of 148-151° but decomposed slowly on standing in a closed vessel. 
The anthramine was condensed with 8-phthalimidoethanesulfony! chloride 
wm pyridine to give 8-phthalimidoethanesulfonyl-9-aminoanthracene (?) as 
« light buff-colored solid which did not melt below 300°. The phthalimido 
eompound was hydrolyzed with hydrazine hydrate and the resulting 
taurvl-9-aminoanthracene hydrochloride (?) had a melting point of 200- 
206° (with decomposition) when recrystallized from ethanol. The hydro- 
chloride was neutralized with sodium bicarbonate and the free base re- 
ervetallized from ethanol to give light buff-colored crystals, m.p. 174-175". 
The free base gradually decomposed on standing and was therefore imme- 
diately condensed with /-pantolactone by heating for 3 hours at 120°. The 
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product Was crvstallized from cellosolve and light vellow ervetal of pemtew! 
tauryl-9-aminoanthracene (?), m.p. 219-220°, were obtained. HKeeryetal 
lization from cellosolve or prolonged standing at room temperature Wee 
accompanied by decomposition, as evidenced by darkening. ‘The amalyees 
gave results too variable to be of significance. 


The authors wish to thank Dr. William Trager of the Hoeketelher Leet) 
tute, Princeton, New Jersey, for his encouragement and suggestiome ane 
Dr. Carl Niemann and Dr. Edwin Buchman of this Institute for thetr adv ree 


and technical aid. We are indebted to Merck and Company, Ine, for « 


generous gift of /-pantolactone and 2-aminothiazole, to the \merean 
Cyanamid Company for a gift of 2-aminopvrimidine, and to Armeowr amd 
Company for a gift of octadecvlamine. The microanalyses, exeept where 
indicated, were performed by Dr. Gertrude Oppenheimer of thie Inetitete 


SUMMARY 


The preparation is described of a series of optically active derivatives of 
pantovitaurine, in as pure a form as possible, for testing for antimalarial! 
activity. 
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STUDIES ON CHOLINE LAS! 
H. THE FORMATION OF ACETYLCHOLINE IN THE NERVE 


By DAVID NACHMANSOHN, HEDDA JOLIN. ose 


‘From the De af \eurology, College of aad 


niversity, New ) orl 


‘Received for January 25, 


The high concentration of cholinesterase In the axon amd it. exelueive 
localization at the neuronal surface are one of the essential Lacts suppenrt ang 
the concept that the release of acetvicholine is directly associated with the 


-perve action potential, ie. with the concduetion of the neewve 


The enzyme tound in the axon is an esterase specific for acetvleholime (4) 
The presence of a specific and highly active enzymatic mechanism for the 
removal of acetylcholine in the axon indicates that the ester ix metabolized 
there at a high rate and suggests the possibility that acetvieholine maw he 
formed in the axon as well as at the synapse. 

Acetylcholine is, as shown by Nachmansohn and Machado, swathesized 
by an enzyme system, choline acetylase, which can be extracted from bream 
but not from other organs (4). Several properties of the enzwme have been 
described in previous communications (5-7). It appeared of interest te 


~ test whether or not choline acetvlase occurs in the axon 


The evidence that energy-rich phosphate bonds are the primary energy 
source during the recovery period following the action potential and may 
account for the electric energy Feleased is based on observations om the 
electric organ (8). These organs are an accumulation of end-plates. Thesr 
action. potential is therefore more comparable to the end-plate potential 
than to the axon potential. When it was concluded that energy-rieh 
phosphate bonds should account for the resynthesis of the primary com: 
pound split during nerve activity, 7.c. acetylcholine, evidence for sueh a 
mechanism was offered with solutions prepared from brain. The presenee 
of choline acetylase in the brain could, however, still be attributed to the 
presence of nerve endings. No such objection is possible if the same 
enzyme mechanism is found in the peripheral fiber free of endings. It 
appears probable that the physicochemical mechanism of the end-plate 
potential is identical with that of the axon potential. Evidence that the 
complex energy-using enzyme system required for the formation of acetyl 


choline is present in the axon would be new additional support for the as 


sumption that the rédle of the ester is not limited to the nerve ending but is 


of equal importance in the axon. 


The peripheral fiber offers moreover a favorable material to correlate 
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476 CHOLINE ACETYLASE, II 
directly acetylcholine metabolism and function. In the degenerating fiber 
it is easy to follow the decrease of enzyme ac tivity and to compare it with 
the loss of conductivity. 

The presence of choline acetylase in the ns ae fiber has bee ‘nh reported, 


in a preliminary note (9). In this paper the full material is presented. 


Methods 


The extract was prepared in the same way as was descyibed previously 
The sciatic 


(5,7). Six to seven rabbits were used for each. experiment. 
nerve Was thoroughly ground in a homogenizer with phosphate buffer 
and silica. After centrifugation at 3000 R.p.m. for 5 minutes, all the 
additions described previously were made to the supernatant fluid and the 
solution was then put into the Warburg vessel. 0.5 ec. 
concentration 0.02 1) was added, since previous observations indicate that. 
even under strictly anaerobic condition the vield is better in the presence of 
this amino acid (7). The actual incubation time in all experiments was 20 
minutes at 37°. The amount of acetyvicholine present | was then tested on 
the frog rectus preparation. 

Section of the sciatic nerve was under ether ‘anesthesia and 


under strictly sterile conditions. 


Rewulla 


The experiments in which choline acetylase hha bean from 
guinea pig and rat brain have shown that satisfactory results are obtained - 
if the approximately 3 cc. of enzyme solution used: per vessel contain the 
equivalent of 400 to 500 mg. of tissue. The observations on cholin- 


esterase indicate that the rate of acetvicholine metabolism i is lower in the | 


fibers than in the regions which contain cell bodies and synapses. Con- 

sequently, it could be expected that the rate of acetylcholine metabolism 
would be lower in the fibers and that considerably less choline acetylase 
would be present there. It therefore appeared necessary to use at least the 
same amount of tissue as in the experiments with brain extracts in order | to 
obtain satisfactory data. 

An advantage of the rabbit sciatic nerve as the material tor testing the. 
formation of acetylcholine by choline acetvlase in normal and degenerated 
nerve fibers is the fact that its section is a simple operatign. From six te 
seven rabbits it is easy to obtain a total of 1.0 to 1.5 gm. of nerve (fresh 
weight) from both right and left sides. This amount is sufficient to obtain 
solutions of suitable concentration for two vessels, one of which is used for 
the experiment in the presence of adenosine triphosphate, the second as 4 
contro! without the nucleotide. 

Only the difference between these two solutions (with and without 
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~ tween 70 and 90 y; that for Experiment 13 is 106. In the werw fieet es 


duction is still maintained 2 days after section, whereas after dawse it 


_ appearance of conductivity, on the other hand, may or maw met he dee te» 


an entirely different nature involved in and necessary for comdmetivity me. 
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adenosine triphosphate) was used in the calculation of the acetyleholime 
formed. It is possible, however, that the small amounts of acetwleholime 
found in the control were also formed during incubation as a result of «mall 
amounts of preformed adenosine triphosphate. In that case the amounts 
actually. formed would be slightly higher than those indieated. 


Normal Nerve Fibers 


The sciatic nerve contains a large amount of connective tissue. Since 
this tissue is rather tough and the grinding of the sciatic nerve and the 
preparation of a homogenized suspension are difficult, it takes some time 
and experience to achieve a complete or nearly complete extraction. tp 
Table I the experiments are numbered in the chronological order im whieh 
they were carried out. It can be seen that in the later experiments higher 
vields were obtained than in the earlier ones. Whereas in the experiment: 
up to No. Gan average of 50 to 60 y of acetylcholine is formed per gm. pe 
hour, most of the later values obtained in Experiments 7 to 14 warw be 


periments in which choline acetylase was determined in the sciatic nerve. 
the values were even lower than those recorded in Table 1. The wields of 
70 to 90 y per gm. per hour appear to be close to the highest that ean he 
expected with the methods used. 

The sciatic nerve contains a large amount of inactive thewe | commeetive 
tissue, fat,and myelin). Onthe assumption that this forms about feo 
thirds of the total, which is a conservative estimate, the amount of acetyl 
choline which can be formed in the axon of the rabbit sciatic nerve maw thox 
he about 250 y per gm. per hour and is probably higher 

Degenerating Nerve Fibers—It appeared of special interest te determine 
the activity of choline acetylase during degeneration and te test hew the 
metabolism is related to the nerve function: to comduetivitw Cor 


disappeared. Obviously, if the release of acetvicholine ie rewpemedibe fe 
conductivity, formation of acetylcholine should be posible at « rate met 
too far below normal as long as the nerte ix able te comdeet. The de 


loss of choline acetylase activity, since many eswential enzymes oF factowe ot 


be impaired before choline acetylase is inactivated 

48 hours after the section of the sciatic nerve, choline acetyheee aetiwnts 
has decreased only about 20 to 25 per cent. It ix obwiows that Experiments 
i0and 12 are more reliable than Experiments 3 and 5. Im the foemer, thy 
extraction was apparently complete, as the high mormal walee medbeates 
In the latter, the values are not yet maximal. Alt be thes 
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in most cases the normal and the degenerated sides were ground in the same 
way, and that the relative values are therefore still comparable, ag jp 
experiment 5, it is possible that the small decrease in Experiment 3 is due 
to slightly more efficient extraction of the degenerated side. 


After 72 hours, the decrease is marked, but still about one-third of the _ 


enzyme is present. The slightly smaller decrease in Experiment 4 may be 
interpreted in the same way as Was explained for Experiment 3. 
(} dave after section, choline acetvlase activity is no longer detectable. 


TABLE I 
CholinesAcetylase in Normal and Degenerating Rabbit Sciatic Nerves 
The results of earlier experiments (Nos. 1 to 6), in which the extraction was prob- 
ably not yet optimal, are put in parentheses. 


| Total weight Equivalent weight used Acetyicholine formed | 
Kaper: | Time after 
ment No sec tion ecreasc 
Normal | | Normal | Normal | 
0) 1.30 322 32S (59.0) (49.5) 
2 a 1.34 | .33* 395 392 (60.0) (61.0) 
13 1.62 1.40” 46] 40] 106.0 106.0 
3 is 1.82 1.S4 500 (53.0) (61.0) 
5 1.54 1. S4 530 (41.0) (32.8) 
10 1.57 1.52 486 133 68.4 | 
12 4s 1.73 1.24 407 103 92.7 6S. 26.7 
11 70 1.42 1.39 45] $44 76.0 26.5 65.1 
6 72 1.28 1.66 460 09 (52.0) ; (17.0) 
0.94 1.41 340 (51.0) (29.0) 

72 1.69 1.64 526 dil 73.5 23.0) 68.5 
14 72 1.62 AST 397 (8.3 26.0) 67.5 
(44 {G8 1.73 522 135 77.0 0 100 
s 150 1.95 1.9) 523 W 


* Control. 


DISCUSSION 


Two facts emerge from these observations: First, the choline-acetylating 
enzyme system is present in a relatively high concentration in the peripheral 
axon which is free of cell bodies and nerve endings. This high rate of 
acetylcholine formation in the axon is consistent with the idea that the 
release of acetylcholine is responsible for the propagation of the nerve 
impulse along the axon as well as across the synapse. This finding Is 
another important support for the assumption that no fundamental dif- 
ference exists in the physicochemical mechanism of these two events, at 
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assumption for which ust Pong brandy ent ey 
chemical as well as biophysical data. is tee thet 
complex and specific enzyme system bs present the bet hee me 
funetion there, or that the tunetion of the acetvicholine, tormed at 
rate In the axon as well as at the SVT pse, changes suddenly whem the im 
pulse reaches the nerve ending. 

The second essential fact is the evidence that the enzvome «wetem has met 
markedly decreased after 48 hours, when the axon is still able te: eomeuet 
impulses. ‘The decrease of 25 per cent is easily compatible with the a- 
sumption that this enzymatic mechanism is required for comednetion 
These results are in Contrast to those of bFeldberg (10) whe reeentiv charmed 
to have evidence for a synthesis of acetvicholine in the nerve fiber in etre 
and that this svnthesis becomes impossible 2 days after seetpom of the filer 
He considers his results as an indication against the assumption of a réle 
of acetylcholine in conduction, 

The conditions and methods used by Feldberg are, howewer, uadequate 
for testing the svnthesis of acetvicholine. He worked under comdition= m 
which there was no supply of energy necessary for the svwnthesie He kept 
chopped nerve fibers of cats and sheep for 2 hours in oxygenated Locke's 
solution, with the basic assumption that he had the same comedition a= cid 
Quastel, working with brain slices. There is, however, a decisive difference 
Brain slices have a high rate of respiration, since the cells remain intact and 
there is, therefore, sufficient energy to build up adenosine triphosphate. 
whereas in chopped fibers the respiration disappears rapidly. After 2 hour 
of incubation Feldberg tound | to 2 y of acetvicholine per gm. of nerve abowe 
the control. We consider this difference to be due to the use of different 
methods of preparing the control and the experiment, which leads te slight)» 
lower values in the control. Indeed, Feldberg’s figures show that if the 
two methods of extraction are compared without incubation the differemes 
not offer any evidence for a svnthesis in the fiber and his failure te find ams 
svnthesis in degenerating nerve cannot be used as evidence against the 
concept presented above. 


SUMMARY 


Choline acetvlase has been extracted from the rabbit sciatie nerve. A 
solution prepared from 1 gm. of these nerve fibers forms 70 to GO y of 
acetylcholine per hour as compared with 150 to 200 y per howr in solutions 
prepared trom rat or guinea pig brains. 

The presence of the complex energy-requiring enzyme system im the 
herve axon, v.¢. that part of the neuron which does not contaim nerve end 
ings and cell bodies, is further support for the assumption that acetyl 
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CHOLINE ACETYLASE. I] 
choline may not only be essential for the transmission of the nerve impulse 
across the synapse but also for its propagation along the axon. 

In the degenerating nerve fiber the enzyme activity decreases slowly, 
48 hours after section only 20 to 25 per cent of the initial activity is lost. 
At that time conductivity is still possible. 72 hours after section, when 
conductivity has disappeared, the enzyme activity has decreased by two- 
thirds. No enzyme was found 6 days following section. The results are 
consistent with the assumption that the release of acetylcholine is assoei- 


ated with conductivity. 
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REVERSAL OF THE ACTION OF PHENYL PANTOTHENONE BY 
CERTAIN AMINO ACIDS 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York 


(Received for publication, February 16, 1946) 


Phenyl pantothenone, the pheny! ketone analogue of pantothenie aed, 
has been shown to cause inhibition of microbial growth, and thie action 
has been found to be reversible competitively by pantothenic acid (| 
However, the antagonism exerted by pantothenic acid occurred only um the 
case of organisms which were stimulated to grow by that vitamin, tho 
species which synthesized their own supply of the growth factor were not 
protected against the toxic action of phenyl pantothenome by the witanen 
Astudy has now revealed that there is in natural products something whieh 
will antagonize the action of phenyl pantothenone in these latter specie. 

Attempts were made to isolate and identify thie active cometituent of 
natural products, for it was hoped that a knowledge of it# nature mught 
furnish some clue to the mode of action of pantothenic acid. \ serves 
showed that one of the best sources of the factor was an acid hyerolyeate of 
casein. Fractionation of this material indicated that poteney reerded m 
the butanol residue after repeated extraction of an aqueous solution, and 
since arginine, histidine, lysine, glutamic acid, aspartic acid, serme, three 


_ nine, and glycine are known to occur in such a fraction, these amine acl 


were tested for their ability to reverse the antimicrobial action of pheny! 
pantothenone. 

Some of these amino acids were active in this regard. Hietidime wae the 
most effective, but, since it was rather toxic for the teet ormgembem, there 
was only a narrow range between effective and toxic doses. (Clutamee eer! 
was quite active and proline, glycine, aspartic acid, or asparagine wae lee 
so. Alanine, lvsine, serine, or threonine showed some aetiwity, beat the 
remaining known amino acids were unable to protect agaimet the mnbubetion 
caused by phenyl pantothenone. Those amino acids which were effeetive 


were each about as potent singly as in combination with each other 


EXPERIMENTAL 


Method of Assay—The synthetic basal medium used previously (1) bow the 
growth of Saccharomyces cerevisiae was supplemented with O14 y of ealesem 
pantothenate and 160 y of phenyl pantothenone per ce. Im thee meen 
little if any growth of Saccharomyces cerevisiae occurred wneder the comeli 

* With the technical assistance of Ruth A. Brown 
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482 PHENYL PANTOTHENONE AND AMINO ACEDS: 


tions of assay, but, if the phenyl pantothenone was omitted, very. good 
multiplication resulted (see ‘Pable 1). 
amounts of pantothenic acid were unable to mullity the action of pheny! 
pantothenone in this basal medium. The inoculum and conditions. of 
incubation and the manner of estimating growth were the same as used 


As reported’ earher (1), additional 


before. Time of incubation was 20 to 24 hours. Materials to be assayed 
were added in graded doses to this basal medium, and, if growth occurred 
When this was done, it was concluded that an antagonist to phenyl panto- 
thenone was present. 
Natural Occurrence of Antagonists to Phenyl Pantothenone As Measured 


with Saccharomyces cerevisiae-- Bacteriological broth or peptone caused 


complete reversal of phenyv] pantothenone inhibition of growth at about: 


5 mg. per ec. of culture. Liver extract had approximately the same po- 


| | 
Effect of Glutamic Acid on Growth of Saccharomyces cerevisiae in Presence of Phenyl 
Pantothenone and Pantothenic 
Purbidity* 


d-Glutamic acid Phenv! pantothenone 


me. per ce, y per ce. 
0 12 
160 
160 64 
3.3 160 4} 
1.6 () 24) 


4 31 


* Expressed as per cent of the incident light transmitted. 
tency, while “tryptone’’ was about twice as effective. An acid hydrolysate 
of vitamin-free casein gave half maximal reversal at 1.2 mg. per ec., and 
complete counteraction at 2 mg. 

Fractionation of Casein Hydrolysate- When acid-hydrolyzed casein 
(S. M. A. Corporation) in 5 per cent solution at pH 6 was extracted ten 
times with butanol, the extracted material was found to be inactive when 
tested at a level equivalent to. an effective dose of the starting material, 
while the butanol residue contained all the activity. Phosphotungsti¢ 
acid divided the activity between precipitate and filtrate. lonic exchange 
resins (Amberlite), designed for the removal of bases, adsorbed only part 
of the active material from solution. ‘These facts suggested that a mixture 
of amino acids might be involved, and that the butanol-extractable acids 
were not primarily responsible. ‘These suppositions were shown to h@ 
correct by tests with pure compounds. : | 
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Reversal of Action of Phenyl Pantothenone by Various te 
Table II are listed the amounts of the various 
half maximal stimulation of growth half 
presence of pheny! pantothenone. Histicline woe the 
levels above 1.6 mg. per cc. of culture were completely mphvhetees ef grew th 
of Saccharomyces cerevisiae even in the absence of w! 
In view of this fact, glutamic acid was the moet «table 
The dl form possessed just half of the activity of the optiealie aetiwe acted 
This also was true of proline. 

The antagonism between pheny!| pan tot ghestarmee 


Tarte Il 
Effect of Various Amino Acids on Growth of Saccharomyces lal 
Phenyl Pantothenom 
The tests were performed in the presence of » 
O14 y of pantothenic acid per ce. 


Amount required 


Amino acid for hall 
maximal growth 
ms. per ~ 
Giveine 26 2. ae vel 
2. dl-Alanine >3.0" 13. 
3, di-Valine Noeffeet at 3.4 14. aevel 
§. di-Phenvlalanine 34 Nea offewt of 
7. dl-Serine >3.0 IS. 
8. dl-Threonine >3.0 19. 
d-Arginine No effect at 3.4 20. Tyrosine 
10. d-Lysine >3.4 + 12 + 
Il. d-Histidine 0.26 2+ 16 


> 


* This denotes some activity but indicates that half maxime! grewth wae ee 
produced by the greatest concentration of amino acid tried 


be demonstrated only over a limited range of concentration. For example 
half maximal effect was noted with 0.12 mg. of the glutamic aetd im the 
presence of 8O y of the vitamin analogue, and with 1.2 mg. of the aerd mm the 
presence of 160 y of the analogue. A point was soon reached (as the com 
centration of phenyl pantothenone was raised) bevond whieh it wae get 
possible to cause reversal. For example, with 600 y of phenyl panteothe 
hone no detectable effect was produced by 5 mg. of glutamic acid 

The results of the tests were complicated because of the faet (2) thet 
many of the amino acids caused slight acceleration of growth of Seeckers 
myces cerevisiae in the basal medium in the absence of pheny! pantothememe 
However, the concentrations needed tor maximal grow thy 
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ind PHENYL PANTOTHENONE AND AMINO ACIDS 
were much less than those involved in the reversal of the action of pheny! 
pantothenone (see Table 1). It was therefore possible to exclude this cause 
of error by additions of small amounts of a given amino acid to the test 
medium. | 

Antagonism between Amino Acids and Phenyl Pantothenone in Lacto- 
hacdlus casec—Since the antagonism between amino acids and_ pheny! 
pantothenone had been established with an organism which did not require 
preformed pantothenic acid in the growth medium, experiments were 
done to determine whether similar relationships held for species which 
needed this vitamin, and in which competition between phenyl! panto- 
thenone and pantothenic acid could be demonstrated. ‘Trials with L. casei, 
one of this second class of species, showed that the situation was much like 
that with Saccharomyces cerevisiae in that glutamic acid and glycine re- 
duced the toxicitv of phenyl pantothenone, and that the former amino acid 


kffect of Glutamic Acid on Inhibition of Growth of Lactobacillus cusei Caused 


hy Phenyl Pantothenone 


'Pheny! pantothenone required to cause half 


d-Glutamic acid maximal inhibition 
me. per cc. y per ce. 
1.2" | Is 
3.3 22 
5.2 34 
9.2 


* This was the amount of glutamic acid contained in the basal medium. 


was more active in this respect than was the latter. The tests were con- 
ducted by determining the amount of the inhibitor (phenyl pantothenone) 
which would cause half maximal inhibition of growth in the presence of 
varving amounts of the amino acid. The medium and procedure involved 
have been described (1). Glutamic acid was present in the basal medium, 
since L. casei failed to grow without it (3), but additional quantities of this 
amino acid decreased the toxicity of phenyl pantothenene (see Table IID. 
(Complete reversal of the effect of a fully growth-suppressing dose of the 
inhibitor could not be achieved by glutamic acid. This was in contrast to 
the results with Saccharomyces cerevisiae. 


DISCUSSION 


The antagonism between the vitamin analogue, pheny) paniothenore, 
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and the structurally dissimilar amino acids such as histedime. aed 
and proline illustrates a phenomenon which is not unique tm the eeleties 
ships of metabolites and their competing analogues. For example, the 
action of the sulfonamides is reversed by the analogous metabolite parine 
benzoic acid, but also by the structurally dissimilar amine acid methiewim 
_(4), or by adenine (5). Furthermore, the biolégical effeets of S-acetwl 
pyridine are negated by the related metabolite nicotinic lat pact 
well by the unrelated amino acid tryptophane (6, 7 Im like coeremer, the 
manifestations produced by glucoascorbic acid are prewemted bee qeewnhe 
acid in guinea pigs (8), and by a substance in certain plant« (9 i 
material appears to be of protein or peptide nature, since it is deetrowee be 
proteolytic enzvmes (unpublished data). The situation with ghoeomsenrt 
acid is similar to the one with phenyl pantothenone, for in both cases the 
inhibitor was reversed in its action by the related vitamin omly im thee 
species Which were unable to synthesize their own supply of the wrtanus 
for those that could perform this synthesis, the effeets of the inhibiter could 
be antagonized only by the structurally dissimilar substance 
From these examples it appears that, in general, inhibitory «treetere! 
analogues, Which behave competitively with their related vitamin or other 
metabolite, may be antagonized in their action by structurally dieetnrher 
natural substances as well as by the structurally related metabedite Pre 
quently these other antagonists are amino acids. 


SUMMARY 


The antimicrobial action of phenyl pantothenone, a structure! 
of pantothenic acid, was reversed by certain amine acids Thier anton 
onism with amino acids was found with all species examined, while, a wae 
known previously, the antagonism with pantothenic acid was operative 
only in those organisms which were stimulated in growth bw the wrtenem 
Kor Saccharomyces cerevisiae, histidine was the most active amine aerd 
causing reversal of the inhibition of growth produced byw phenyl pante 
thenone. Glutamic acid was next in line of activity, while proline, aepart: 
acid, asparagine, and glycine were less effective. Some poetenew wae die 
plaved by serine, threonine, alanine, and lysine but other amine acide were 
not effective. Similarities of the relationship of phenyl peamtethemene 
pantothenic acid, and certain amino acids to that of the oolfemmeede. 
p-eaminobenzoic. acid, and methionine, and of that of J-ecetwlpwrieime 
nicotinie acid, and tryptophane have been pointed out 
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THE RIBONUCLEINASE OF THE SOY TEAS 
[. ISOLATION OF THE ENZYME" 
By MAX SCHLAMOWITZ ano L. GARNER 


‘From the Department.of Biological Chemistry, Medical School, © of 
Ann Arbor 


teceived for pubheation, February 14, 


The hydrolysis of nucleic acids by direct metho 
as rather unsatisfactory procedure for the preparation of 


nucleosides in that the mixtures obtained are diffiewlt te cmd 


the vields of the desired products are low. 
prove applicable to this problem and has been teed, woth: 
for obtaining degradation products of both aimed 


“nucleic acids (1-4). Owing to the difficulties attending the 


the necessary enzymes, however, enzymatic metho of 
not been widely used. 

The enzymes which effect the hydrolysis of the muchebe aes amel then 
intermediate breakdown products have been 
name nucleases and, according to Levene and Medigreeeame (5) om 
Bredereck (6), fall into three classifications aceordimg@ te the rete: 
upon which they act. These are, respectively, the polynweleetidews, the 
nucleotidases, and the nucleosidases. No attempt will be meade hewe te 
review the literature concerning the nucleases. It should he peteted east 
however, that there is considerable confusion in thix literature eomeermime 
the specificity and the nomenclature of these enzymes. “Thee. the aetive 
agent which effects the rupture of the ribonucleic acid withea#t 
the release of inorganic phosphate has been referred to byw warkous woeker 
as ribonucleode polymerase (7), ribonuclease (8), polynucleotides 
nuclernase (10), and even as nucleotidase (11)" Some of thie 
arises naturally from the fact that the enzyme preparations Were met peer 
and exhibited different degrees of specificity. There hae me 
and systematic investigation of the nucleases from the peiet of whew of 


* A part of a thesis submitted by Max Schlamowitz to the Cheadate Selec ot Ole 
University of Michigan in partial fulfilment of the requirement for the degree of 
Doctor of Philosophy. 

‘In this paper we have used the term nuclease activity ax indicative of the 
of enzymes which promote the hydrolysis of ribonucleic acid with the foemetios ot 
morganic phosphate. The term ribonucleinase is used to designate am emeyme whied 
brings about the formation of degradation products of ribonuelele acted tm whieh 
phosphorus is retained in organie combination. For justification of thie mame ene 
Loring and Carpenter (10). 
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modern enzyme and protein chemistry and, with the exception of the 
ribonucleinase of the pancreas which has been obtained by Kunitz (g) 
in a crystalline form, no member of the nucleases has been prepared in g 
well defined state of purity. 

This paper presents the results of the first of a series otf studies in which 
it is planned to isolate and, if possible, to purity the components of a sys. 
tem of nucleases. The purpose of the research is twofold: to study the 
chemical composition and specificity of the enzymes, and to attempt their 
preparation in a quantity sufficient to serve for fairly large scale hydrolyses 
of ribonucleic acid. 

The starting point of the investigation was the selection. of a source of 
the enzymes. In 1930, Jono (12) reported that the seeds, stems, and 
leaves of a number of plants contained nucleases. Among the species jn- 
vestigated, the common soy bean exhibited a comparatively high activity 
in the hydrolysis of ribonucleic acid. The nuclease activity was evidenced 
yy the increase of inorganic phosphate in the mixtures of the ribonucleic 
acid and extracts of the beans. Since the soy bean is readily available in 
quantity, it was decided to reinvestigate this reported nuclease activity. 
in so far as it has been possible to determine, there has been no mention 
in the literature of the soy bean nuclease apart from this initial report. 

(ur first experiments confirmed the finding that extracts of germinated 
soy beans were capable of promoting the hydrolysis of ribonucleic acid. 
\ number of attempts were made to puniiy and to concentrate this nuclease 
activity but these were uniformly unsuccessful in that they led to prepara- 
tions which exhibited no greater activity than did the original crude ex- 
tracts. Frequently the activity was entirely destroved by relatively mild 
treatment. The techniques emploved in these experiments included 


precipitations with organic solvents, salting-out procedures, and attempts 


to adsorb and elute the activity with various. inert adsorbents. These 
experiments will not be reported in detail here, as they led to little informa- 
tion concerning the nuclease activity. 

In order to explain these failures to concentrate the nuclease activity, 
ijt was assumed that the observed breakdown of the ribonucleic acid might 
he due to the combined actions of more than one enzyme. Subsequent 
studies have proved the presence of two enzymes in the crude extracts. 
The first of these has been identified as a rvbonuclevnase whose action 8 
to convert ribonucleic acid into products which are soluble in glacial acetic 
acid but which retain the phosphorus of the substrate in organie combina- 
tion (10). The second enzyme is responsible for the formation of the in- 
organic phosphate in the substrate-extract mixtures and is believed to bea 
phosphomonoesterase. It has not been well studied, as it is destroyed in 
the course of the isolation of the nucleinase. 
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Ribonucleinase has been isolated in a crystalline form from pemereets 
tissue (8) and has been detected in blood (13), bome marrow (14). qphees 
(14), and Pasteurella pestis (15). We have now demonstrated 
rence in the higher plants by the preparation of highly eaetiwe «ohetpur. 
from soy bean seedlings. From this pattern of distrilutiom i ment be 
concluded that mbonucleinase is an important agent in meet Sh. 
olism. The products of its action upon ribonucleic acid are, however, net 
definitely known (15) and its physiological funetion withim the cell meme 
be clarified by further research. 

The work reported here is primarily concerned with the proet ot the 
occurrence and the isolation of the nucleinase. The preperation of th 
enzyme in larger quantities and the more detailed investigation of ite = 
action characteristics are in progress in this laboratory amd will be th 
subject of a later communication. 


ELAPERIMENT AI 


Materials The nucleic acid used in these studies was 
preparation of yeast sodium nucleate. In the earlier experiemtic tive 
material was used without purification. Later it was found thet the 
preparation contained material, presumably of the nature of meeeelee 
tides, which inhibited nucleinase activity. For all subsequent week, there 
fore, the yeast sodium nucleate was converted into mhonmwelete aed amd 
purified according to the procedure of Kunitz (8). After the week wee 
completed and was being prepared for publication a repert hw Zitth | te 
appeared which emphasizes the presence of 
in some of the commercially available nucleic acide 

The soy beans were a common variety of field beans, Glgenee Acqpedte 
var. Manchu.*?. The beans were sprouted under comeditione wheel dix 
couraged mold growth and the seedlings were macerated and extractec 
with a 40 per cent solution of glycerol. The following proeedre hee heen 
found satisfactory for the sprouting of the beans and the preperetion of 
the extracts. 

A weighed quantity of the soy beans was washed with « O08 per cent 
solution of calcium hypochlorite. They were thoroughly woth 
distilled water and permitted to stand in water owernigh Phe ew m 
beans were again washed with the calcium hypochlorite sefetiem end 
thoroughly rinsed with distilled water. They were them placed oe wile 
mouth reagent jars, each of which received approximately 150 em of the 
swollen beans. The jars were closed with a double lawer of cheeseleth 

? We wish to express our appreciation to Standard Brande Incorperated fee thee 


gift of the yeast sodium nucleate and to the Ferry Morse Seed Coeepemy whe Mimelly 
furnished the soy beans used in this investigation 
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aml were supported in an inverted position to facilitate drainage of excess 
water, The germination was carried out in a dark room at a temperature 
between 20-25°. At approximately 8 hour intervals, the jars were filled 
with water and emptied, a procedure which served to maintain a moist 
atmeephere and to wash out developing bacteria. After 96 hours the 
sprouts were between 3 and 4 em. in length. Under the conditions de- 
eeribed a germination of nearly 100 per cent was obtained and no mold 
growths or other visible contaminations were encountered. 

The sprouted beans were removed from the jars and weighed. They 
were then mixed with glycerol and water in proportions which were caleu- 
lated in the following manner. Each 100 gm. of the dry beans were to be 
extracted with 750 ml. of 40 per cent glycerol. Since a considerable por- 
tion of the required water had been absorbed by the beans in the course 
of the germination process, the difference between the weights of the dry 
and germinated beans was subtracted from the calculated water require- 
ment. The exact procedure is illustrated by a typical example. 

Dry beans, 500 gm., were calculated to require 3750 ml. of extraction 
medium to be composed of 1500 ml. of glycerol and 2250 ml. of water. 
The weight of the sprouted beans was 1550 gm., of which 1050 gm. were 
water absorbed in the process of germination. The sprouted beans were, 
therefore, mixed with 1500 ml. of glycerol and 1200 ml. of water. This 
mass was thoroughly homogenized in a Waring blendor and placed im the 
refrigerator for 48 hours. The fluid was then pressed out through cheese- 
cloth and the extract was centrifuged. The heavy, cream-colored super- 
natant fluid was covered with toluene and stored in the refrigerator. This 
material is referred to as the crude extract from which all subsequent enzyme 
preparations were derived. When preserved as indicated, it retains its 
activity for many months. © ; 

Methods The nuclease activity of the various preparations was measured 
yy the determination of the increase of inorganic phosphate in the mixtures 
of the extract and ribonucleic acid. Since some of the degradation products 
of the ribonucleic acid react with molvbdic acid, it was necessary to carry 
out a preliminary precipitation of the: phosphate before it was determined 
by the Fiske-Subbarow method (17). 

A 5 ml. aliquot of the enzyme-substrate mixture was pipetted into 5 ml. 


of a 20 per cent solution of trichloroacetic acid contained in a conical centr - 


fuwe tube. The mixture was stirred for several minutes and was centri- 
fuged. An appropriate aliquot of the-supernatant fluid, usually 5 ml., was 
mixed with 5 ml. of magnesia mixture (18), and the acidity of the solution 
was adjusted to pH 5.5 by the careful addition of eoncentrated ammonium 
hydroxide. 1 mi. of the ammonium hydroxide in excess was added and 
the mixture was placed in the refrigerator for 24 hours. The ammonium 
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magnesium phosphate was centrifuged and was Washed omee woth 


of ice-cold 2 per cent ammonium hydroxide. ‘The wae 
dissolved in 1 ml. of the acid solution, Molwhelate of 
(17) and the solution was quantitatively transferred 2) eel 


flask. The aminonaphtholsulfonic (17) Oi 
solution was made up to volume. After 5 mpmutes the eetemetw of the 
color was determined with a photoelectric 

The determination of ribonucleinase setivety woe feet 
that the intact nucleic acid molecule is preeypitated ty 
whereas the products of nucleinase action are solubhe om the 
Aliquots of the material to be analyzed were > 
volume of glacial acetic acid. The mixtures were fete 
phosphorus in the filtrates was determined by the 
of King (19). ‘The increase in the total phosphorus 
acid, appropriately corrected for the controls, Was 
of the ribonucleinase activity. 

Expression of Enzyme Activity As no detailed study hee of 
the phosphomonocesterase, the nuclease activity of the 
been expressed simply as the increase in phosphate here per eel ot 
the- incubation mixture. 

The nucleinase unit employed in the later be 
amount of the enzyme which will bring about an inerease of | ee of eee 
soluble phosphorus in 24 hours in a mixture of the enzwmme and a 10 pe 
cent solution of ribonucleic acid at pH 6.2 at 30°. The tetal mitremem ot 
each enzyme solution was determined by the micro Kjeldahl ovethed 
and the amount of an enzyme pteparation used in a part 
is expressed in terms of its content of nitrogen. Willetatter and Nebo 
(21) have emphasized that the expression of the concentration of an enawme 
should be in terms of the number of units contained in a given amount of 
the preparation, a quantity which they term the enzyme value. We hawe 
calculated our results in terms of the ribonucleinase value whieh i defined 
as the number of ribonucleinase units per mg. of nitrogen prevent im the 
enzyme preparation. The ribonucleinase value affords comwenment 
lor the comparison of the activity and degree of purity of the wart en 
zyme preparations. 


Results 


Nuclease Activity of Soy Bean Extracts~ The selection of germinated «on 
beans as the better source of the nuclease actiy Itv was mide upon the 
of a comparison of the activities of extracts of dormant and =protuted beat 

Two enzyme solutions were prepared. The first was a 40 per cent 
glycerol extract of 5 gm. of finely ground sov beans. The second wae a 
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40 per cent glycerol extract of 5 gm. of beans which had been sprouted in 
the manner described above. The volumes of the two extracts were ap- 
proximately equal. Duplicate experiments were set up in which 2 ml, of 
the appropriate extract were mixed with 40 ml. of a 1.0 per cent solution 
of yeast sodium nucleate in 0.02 m citrate buffer of pH 6.2. Control tubes, 
two of which contained only the enzyme solutions and the third of which 
contained the buffered substrate alone, were incubated simultaneously with 
the experimental mixtures at 30°. At approximately 24 hour intervals ali- 
quots of the various solutions were withdrawn and analyzed for their content 
of inorganic phosphate inthe manner which has beendescribed. The results 
of the analyses were calculated in terms of increases in inorganic phos- 


od 


Sprouted Beans —+ 


+— Dormant Beans 


PHOSPHORUS Micrograms per Millil’ter 
| 


HOURS 


hic. 1. Comparison of the nuclease activities of dormant and sprouted soy beans 


phate per ml. of solution, appropriately corrected for the changes observed 
in the control tubes. 


The results of the experiment sre presented in Fig. 1. It is evident . 


that the crude extract of the sprouted beans contained a considerably 
greater nuclease activity than did the extract of the dry beans. It is not 
implied that the enzymes present in the two extracts are identical; the 
experiment merely indicated that germinated beans. contained a greater 
concentration of nuclease activity and for this reason subsequent -work 
was carried out upon the sprouted beans. 3 
Demonstration of Dual Nature of Nuclease System —\t was mentioned 
in an earlier paragraph that the usual methods for the concentration of 
enzyme solutions were not applicable to the purification of the nuclease 
activity of the crude soy bean extracts. In the course of these attempts to 
purify the extracts, however, it was observed that the trichloroacetic acid 
filtrates prepared from the control tubes which contained only ribonuclei¢ 
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acid were usually turbid, whereas the corresponding filtrates from the 
experimental mixtures were frequently clear. Although the turbidity 
interfered in no way with the determination of the inorganic phosphate, 
consideration of the phenomena led to the conclusion that the turbidity 
was due to the precipitation of unaltered ribonucleic acid in a very finely 
divided form. The fact that the filtrates from mixtures which contained 
‘the enzyme preparations were frequently clear led to the speculation that 
the ribonucleic acid had been altered by the extracts, although nuclease 
activity was not evident from the results of the analyses for inorganic 
phosphate. 


S 
ad 


Acid -solub/e 


2) 
T 


PHOSPHORUS (Micrograms per Milliliter) 


Inorganic Phosphate 
0 e4 46 
HOURS 


Fic. 2. Comparison of the nuclease and ribonucleinase aetivities of sow bean 
extracts. 


Accordingly, an experiment was set up in which each aliquot of the 
nbonucleic acid-soy bean ex.ract mixture was analyzed for acid-«oluble 
phosphorus as well as for its content of inorganic phosphate. The detaile 
of the experiment were identical with those described abowe for the detee- 
tion of the nuclease activity of the extract of the germinated «eds The 
results are presented in Fig. 2 from which it is evident that the extract wae 
capable of forming acid-soluble phosphorus from the ribonucleic acid af « 
greater rate than it released inorganic phosphate. The experiment wee 
considered as indicative of the presence of two enzymes in the crude extemet 
one of which was responsible for the increase in the horn 
and the second for the formation of the inorganic phoephate 

Isolation of Ribonucleinase —A number of orientation experiment« were 
carried Out in an attempt to determine the best method for the «eperetion 
of the two enzymes. It was found that the phosphomonoesterese activity 
Was sensitive to acid, whereas the ribonucleinase activity wae met cals 
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stable to acid but was also moderately resistant to inactivation by heat. 
The following procedure has served to prepare ribonucleinase solutions of 
it good degree of activity. ri 
The crude glycerol extract of the sprouted soy beans, 1500 mil., was - 
diluted with an equal volume of water and the acidity adjusted to pH 4.0, A 
The solution was placed in the refrigerator for 3 hours and was then partially vin 
neutralized by the addition of concentrated ammonium hydroxide to pH * 
48. The preparation was placed in the refrigerator for 12 hours and was ds 
then centrifuged. The precipitate was discarded. The solution was th 
placed in cellophane bags and dialyzed against cold, running dis- ee 
tilled water for 48 hours. The preparation was removed from. the re 
st) 
TABLE I In 
Activity of Concentrated Rigonucleinase cle 

} ml. of the concentrated enzyme was added to 20 ml. of each substrate. Com. 

mercial substrate refers to a 1.0 per cent solution of the yeast sodium nucleate jin 


0 02 m citrate buffer of pl] 6.2 and the purified substrate refers to a 1.0 per cent Co 
selution of reprecipitated ribonucleic acid which had been neutfalized with sodium 
hvdroxide and made up in the citrate buffer. The experimental and control tubes 
were incubated at 30°. The values listed are in terms of micrograms of phosphorus vil 
per mil., appropriately corrected for the controis 


Nuclease activity (iner-  Ribonucleinase activity 


Incubation time Substrate ganic phosphate cacid-soluble phosphorus} Fre 
| 
Ars. | 
0 Commercial 0.0 0.0 | 
(0) Purified 0.0 0.0 

24 Commercial 34.2 270 

24 Purified 470 

45 Commercial 92.5 292 


dialysis sacs and was filtered from the slight sediment which had formed 
in the course of the dialysis. The filtrate was concentrated rn vacuo : 
to a volume of 380 ml. During the concentration the temperature was | 
not permitted to go above 30° and the pressure varied from 12 to 17 | 


mm. of mercury. The resulting solution has been designated the con- si 
ceniraved soluiron. ( 

Solutions prepared in this manner exhibited strong ribonucleinase ac- Fre 
tivities and contained most of the enzyme present in the original crude | 
extracts. The removal of the phosphomonoesterase activity was more or 
less complete, as evidenced by the low values which were obtained in the Ri 


assays for nuclease activity. 


* The ribonucleinase of the pancreas has been shown to be remarkably stable to 
heat inactivation (8, 22). : : 
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In the course of the determination of the activity of these 
ribonucleinase solutions, it Was observed that Che 
nucleate contained material which inhibited the ot the 
An illustration of this inhibition is seen um of 
one preparation of the nbonucleinase Wiis the te tee! 
substrate as well as against a sample of purified meted 
data not only show the inhibition of the beet bees 
that this materi2l, presumably of mononucleotide mature (10). te an 
enhanced value for the monophosphatase activity. Thee letter effeet & 
possibly due to the fact that the presence of momonneleoticies om the cab 
strate furnished material upon which the sete 
In all subsequent work the substrate of choee was the ry 
eleie acid. 
Fractionation of Concentrated Ribonucleinase by Pree eth 
Ammonium Salfat 


Concentrated nucleinase 
Make 0.5 saturated with (NH,).SO,. filter 


i 


| 

Filtrate 

Dialvze 36 hrs. I Peal re hee 

ih Walter 

Fraction B i 
Make 0.8 saturated with Fraction 1 
(NH,).SO,; filter; dlis- Niake OS enturales! 
| eard filtrate; dissolve with NOE.) Men, 

ppt. in water; make filter 
O45 saturated with : 
filter Ppt. 
| Dissolve im water renee ont 
dialy ze 4h hrs filter tee FS 

| discard ppt eaturation, 
thon is Fraction \ titrate, ceaselwe 
| water, chalivee 
| hrw filter free 

Filtrate Ppt. 


Dissolve in water: dialwee 48 here 
Salution uw fraction 


Dialvze 4S brs. hhiter, cheearcd ptr’ 


Fraction 
| Make 0.6 saturated with 
(NH,).SO,; filter 


Filtrate Ppt. 
Increase (NH,).SO; concentration 
to U.S saturation; filter; discard 
filtrate; dissolve ppt. in water: 
dialyze 48 hrs.; discard ppt. Solu 
is Fraction F 


Dissolve in water, here 
discard ppt. Filtrate ia FPreetion 
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Further Purification of Ribénucleinase-—Vhe concentrated rnibonucleinase 
solutions were further purified by fractional precipitation with ammonium 
sulfate. The accompanying scheme shows this fractionation which cop. 
sisted of the addition of ammonium sulfate to the desired concentration, 
removal of the precipitated protein, dialvsis of the filtrate and of the pe. 
dissolved precipitate, and refractionation of these two solutions. All of 


.these operations were carried out between 5—-10°. The various fractions 


thus obtained were assayed for ribonucleinase activity in the usual manner, 


IT | 3 
Distribution of Ribonucleinase Activity between Fractions Oblained by Precipitation 
with Ammonium S ulfate 

The data summarize two experiments, Nos. Land II. The fractions refer to the 
preparations described in the scheme. The substrate was 20 ml. ” 1.0 per cent solu- 
tion of purified ribonucleic acid in 0.02 w citrate buffer of pH.6.2. The enzyme was 
added to the substrate in quantities of 0.2 to 1.0 mi., steht upon the activity 
of the fraction. Enzyme concentrations are given in terms of micrograms of enzyme 
nitrogen per ml. of the incubation mixture. The ribonucleinase activity figures are 
in terms of micrograms’ of increased acid-soluble phosphorus per mil. of incubation 


mixture, appropriately corrected for the controls. The incubations were carried - 


out at 3. The significance of the ribonuc leinase value is discussed in the text. 


Ribonuclei inase Ribonucleinase 
activ ity vaiue 


‘Enzyme concentration. 


Concentrated enzyme | 43° 470 40.9 
| 26.4 |°-82:7 | 139 179 5:3 3.4 
5.6. 3.3 460 171 82.1 51S 
4:4). 1.56!) | 137.3 | 200.1 


The results of typical fractionations of two preparations of the coneep- 
trated nucleinase are shown in Table I]. It is evident that the separation 
of the enzyme from inert material is not particularly sharp and that the 
ribonucleinase activity is to be found in several of the fractions. The 
most active material is precipitated between the concentrations of 0.4 
and 0.8 saturation with ammonium sulfate and-has been designated Frae- 
tion F. One preparation of Fraction F had a nucleinase value of 239. 
The corresponding value for the crude extract from which this preparation 
was derived was not determined but calculations based upon the dry 
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weights of these crude extracts indicate that their nucletnase values are lee 
than 1.0. It is reasonable to assume that a concentration ratie of at lewet 
240 has been effected. None of the fractions obtamed byw the enumenhen 
sulfate precipitation exhibited a release of inorganic phosphate from the 


substrate. 


The authors wish to acknowledge the use of certain apperstas and equ 
ment which were made available to one of we CHL. 
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Studies. 
SUMMARY 


~The nuclease system of the soy bean seedling has been shown to comebet 


_ of two components, a ribonucleinase and a second enzyme, belewed te he « 


phosphomonoesterase. The ribonucleinase has been separated frome the 
crude ‘extracts and has been concentrated and partially purified 
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Since its introduction as an assay organism tor riboflavin (1), 
case? has been widely used for the determination of this and other vitamin 
which it requires (2-6). Landy and Dicken (3) devised a single medion 
with which responses to each of the six vitamins required by this organ 
could be obtained. Experimental trial showed the medium te be lacking 
in substances which, though not essential, greatly stimulated growth of 
Lactobacillus casei. Because other special methods for which thie wae met 
so obviously true existed, the more generai method of Landy and Dieker 
has not been widely used. 

Recent investigations have shown that tryptic digest« of caseim (7 & 
and of ether proteins (10) contain one or more unidentified substamees whey 
greaily stimulate erowth of Lactobacillus casei. This knowledge hae heen 
applied to the development of an improved medium for this orgamien, 
which is deseribed below. Maximum growth on the improwed oediem 
is achieved within 16 hours; longer periods are required for maxim 
acid production. excellent growth curves have been obtained in response 
to the addition of any one of five vitamins to the appropriate deficient 
medium. Results of a series of assays for riboflavin and folie acid indicate 
that the medium can be used successfully for the accurate estimation of 
these vitamins after a 16 hour incubation period. Similar determination 
of biotin, pantothenic acid, and nicotinic acid appear possible, although 
such application has not been tested. 


EXPERIMENTAL 


Enzymatic Casein Digest—120 gm. of purified casein (Labeo, “vitansin 
free’) were dissolved by gradual addition, with shaking, to 2 liters of 0.8 
per cent sodium bicarbonate solution. To the uniform suspension thus 
obtained were added 600 mg. of pancreatin suspended in 15 to 20 ce. of 
distilled water. The mixture was covered with a thin laver of toluene. 
shaken well, and allowed to stand for 48 hours at 37°. [t was then placed 
in the autoclave and heated in flowing steam for 20 to 30 minutes to remeowe 
the toluene. After cooling to room temperature, the solution was adjusted 
to pH 6.0-by addition of glacial acetic acid (about 7.0 ce.), and filtered with 
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mild suction. To the filtrate were added 60 gm. of activated charcoal 
‘Dareo G0); the mixture was stirred for 30 minutes, then filtered with 
suction. The filtrate, which often contained small amounts of colloidal 
charcoal, was now adjusted to pH 3.8 with glacial acetic acid (about 75 ec,). 
storved for 30 minutes with 24 gm. of activated charcoal, and filtered. The 
hitrations are aided by the use of Filter-Cel. The residue from each filtrg. 
tion was washed with 50 to 75 cc. of water; the washings were added to the 
filtrate. 


| 
Composition of Complete Basal Meditum* 
Amount per If 


Amount per 10 cc. | 
cc. final medium 


final medium Component 


{ omponent 
ct, 
digest 4 (= p-Aminobenzoic acid 
200 mg.) 


CASEIN) 


Sodium acetatet 200 Biotin 
25 Calcium pantothenate 5 
25. Folie acid 3 0.02 
(slucone Niecotimie acid 
{'vstine Pyridoxine hydrochloride 

Uracil | Riboflavin 
A\denme sulfate Thiamine hydrochloride 

et. 

hvdrochloride Salts C$ | 0.2 


* For use in assays, the appropriate vitamin is omitted from the medium. — 

t When the casein digest is prepared as described in the text, it contains the 
proper amount of sodiunr acetate; no further additions should be made. 

| Pyridoxamine (2 y) or pyridoxal (1 y) may be substituted for pyridoxine. 

§ The selution of Salts C has the following composition: MgsSO,-7H-.O, 10 gm. 
NaCl, 0.5 gm.; FesSO,-7H.O, 0.5 gm.; MuSO,-4H2O, 2.0 gm.; water to make 250 ee. 
lt «iffers quantitatively from Salts B used in previous assay medin. 


These charcoal treatments serve to remove traces of the various vitamims 


which are present in the initial digest. The final clear filtrate was diluted 
to 2.4 liters (1 ce. = 50 mg. of casein): Dry weight determinations on 


small aliquots of each let of casein digest prepared in this way showed 40 
to 45 mg. of solids actually present per cc. of solution. If markedly lower 
“mounts are obtained, the preparation should be repeated. 

Basal Medium The composition of the basal medium is shown in Table 
1. The vitamin to be determined is omitted from the medium. The 
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method used to obtain the final medium is immaterial. An efficient mean« 
for accomplishing this consists in preparing and keeping separately 
three stock solutions which are mixed in the proper proportions just before 
use. These are as follows: (a) A solution containing the casein digest, 
sodium acetate, phosphates, cystine, and Salts C. This is prepared im 
lots of 2 liters at twice the final concentration of the medium by adding 
to 1600 ce. of the casein digest solutions containing LO gm. of KyTEPO), 10 
gm. of KHLPOs, 400 mg. of cystine, and SO ce. of Salts mixture & 
neutralized (pH 6.8 to 7.0) with 1O N NaOH and diluted to 2 liters. The 
sodium acetate thus formed brings its concentration to the proper lewel if 
acetic acid was used in the amounts indicated in preparing the ecasem 
digest. The solution was autoclaved for 10 minutes at 15 pounds steam 
pressure, then stored until used. Aliquots for use may be withdrawn 
aseptically from this solution, or the residual solution may be reautoclaved 
after withdrawal of an aliquot. (+) A stock solution containing per ce. | 
mg. each of adenine sulfate, guanine hydrochloride, and uracil. The «ole 

tion may be kept in the refrigerator under toluene for long periods € 

Astock solution which contains per cc. sufficient of each vitamin for fifty 
assay‘ tubes. ‘The vitamin to be determined is omitted from this solution, 
which is kept under toluene in the refrigerator. A cresh solution should 
he prepared at intervals not longer than | month. 

To prepare, tor example, the medium for fifty assay tubes one mines 25) 
CC, of solution (a), 5 ec. of solution (b), and l ce, of solution (e). The 
tion of 10 gm. of glucose completes the medium, which is twice the eon 
centration given in Table I. 

Stock Culture and Inoculum—Lactobacillus casei was carried as a stab 
culture in medium containing | per cent Difco veast extraet, | per cent 
glucose, and 2 per cent agar. Stabs were incubated at 37° for 24 to 48 
hours, then held in the refrigerator. Stock cultures were transferred af 
2 week intervals; stabs for daily use were prepared at the same time as 
needed. 

Inoculum tubes were prepared by diluting the complete double strength 
medium with an equal volume of water and dispensing this medium im 10 
ec. quantities to test-tubes of a size suitable for direct use in the centrifuge 
These were plugged with coiton, sterilized, and stored until used. Te 
prepare inoculum a transfer from a stab culture to a tube of inoculum me- 
dum was made. This was incubated at 37° for 16 to 24 hours before use 

Assay Procedure-—The procedure is similar to that commonly followed at 
present (e.g. (1, 2)) and need not be given in detail. Assays are carried 
out in 20 X 150 mm. lipless test-tubes. Suitable aliquots of the standard 
and sample solutions are added to the assay tubes and the volume adjusted 


} “ith water to 5 cc. 5 ec. of the basal medium (double strength) are then 
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wdded to each tube. The tubes are plugged with cotton or covered with 


elean aluminum caps and sterilized in the autoclave at 15 pounds pressure 

for 10 minutes. More prolonged autoclaving should be avoided, since jt 
partially caramelizes the sugar and produces a dark colored medium with 
inferior growth-promoting properties for Lactobacillus casci. After — 
to room temperature, they are ready for inoculation. 


The cells in a tube of inoculum, prepared as dese ‘ribed above, are thier | 


down by centrifugation, and the supernatant liquid is removed aseptically 
and replaced by 10 ce. of a sterile solution of sodium chloride (0.86 per cent). 
The cells are resuspended by shaking. A sufficient amount of this heayy 
suspension is added to a second 10 cc. portion of salt solution to give a sus- 
pension which is just visibly turbid. 1 drop of this latter suspension 
ix added aseptically to each assay tube. These are incubated at 37° 
for 16 hours, if the turbidimetrie method is used, or for 72 hours, if the 
acidimetric method is used. 

Measurement of Response ~The medium and method described herein 


were designed especially for the rapid turbidimetric determination of vita-— 


mins, particularly riboflavin and folic acid. Turbidity on the above 
medium has reached 2 maximum in 16 to 18 hours. At the end of this 
period the sedimented organisms are thoroughly suspended by shaking, 
and turbidity comparisons are made. Any reliable photoelectric color- 
imeter may be used for this purpose; an uninoculated tube of medium 


serves as the blank. The measurements are best made at a wave-length: 


at which the medium shows iittle or no absorption (¢.g. 660 my). For 
the purpose of this paper, a calibration curve, relating galvanometer read- 
ings of the instrument used to the dry weight of cells obtained, was con- 
structed, and turbidity measurements are given in terms of the dry weight 
of cells. For routine use, this procedure is unnecessary; galvanometer 
readings or optical densities may be used directly. | 

Acid production continues for considerable periods after turbidity has 
reached a maximum; the customary 3 day period of incubation was there- 
fore used when titrations were made. Titration with brom-thymol blue as 
visual indicator is unsatisfactory because of the high buffer capacity of the 
medium. Electrometric titration to pH 6.8, with the assembly described 
by MeQuarrie and Konen (11), was used with complete satisfaction. The 
addition of brom-thymol blue permits a rapid visual approach to the end- 
point, which is then determined exactly with the pH meter. 

Response to Pure Vitamins—Growth response of Lactobacillus casei t 
the addition of the pure vitamins, as was determined turbidimetrically at 
the end of a 16 hour incubation period, is Shown in Figs. | to 5. The en- 
hanced growth-promoting powers of the new medium are emphasized by 
the comparisons with other widely used media for assay of riboflavin an 
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folic acid given in Figs. 1 and 2. Acidimetric comparisons of these «ame 
’ media after 3 day incubation periods are given in Table If. With the 


longer incubation period, the superiority of the new medium, although «till 
evident, is less marked. The great apparent superiority in acidimetric 
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Fic. 1. Comparative turbidimetrie response of Lactobacillus case: to 


—ntwo media after 16 hours incubation. 
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Fic. 2. Comparative turbidimetric response of Lactobacillus cased to vitamia B, 
(folic acid) in two media after 16 hours incubation. 


response to riboflavin on the new medium is partially deceptive, sinee it 
contains twice as much sugar and has over 3 times the buffer capacity of 
the older medium (cf. (12)). Acidimetric response to nicotinic acid, panto 
thenic acid, and biotin on the new medium is shown in Table III. Acid 
production per unit of added vitamin is superior in every case to that noted 
with previous media. 


Ire 
th 
ng | 
Wh | 
lly 
VV 
On 
he | 
ve 
| 
th: 
or | 
| 
ht 
er 
‘is 

i 
| 
“as 

he 
at 
1 


504 IMPROVED MEDIUM FOR L. CASEI 


It is probable that the high “blanks” noted in the response to biotin and 


to pantothenic acid could be lowered considerably by growing the cultures . 


used for inoculum in the basal medium, supplemented with only a minimum 
amount of the vitamin in question. | 
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Fic. 3. Turbidimetric response of Lactobacillus caset to nicotinic acid in the new 
medium (16 hours). 
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Fic. 4. Turbidimetric response of Lactobacillus caset.to pantothenic acid in the 
new medium (16 hours). 


Application to Determination of Riboflavin and Folic Acid—To test the 
applicability of the new medium, a number of natural materials were ex- 
tracted with acid by a standard procedure (13) and the extracts assayed 
for riboflavin. Parallel assays were made by the turbidimetric (16 hours) 
and acidimetric (72 hours) procedures, and the values obtained compared 
with those obtained on the same extracts by the method of Snell and Strong 
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(1). Essentially identical results were obtained with each procedure 
(Table IV); quantitative recoveries of added riboflavin were aleo obtamed 

No rigorously tested or widely accepted method for quantitative extrac 
tion or determination of folic acid is yet available. For purposes of com. 
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Fia. 5. Turbidimetric response of Lactobacillus casei to biotin in the new medbam 
(16 hours). 


TaRLe I] 


Comparative Actd Production in Response to Added Riboflavin and Folic Acid om New 
3 and Older Media 


Titrated after 72 hours incubation at 37°. 


0.1N produced | Vitamin tw acd 
New medium | Snell-Strong | New medium Teply 
y per 10 cc. cc. | | 
0 0.50 | 0 1.7 2.2 
0.02 4.0 1.7 0.10 5.0 16 
0.04 6.2 7.2 6.8 
0.07 8.3 4.4 | 0.40 10.5 9 
0.10 10.0 6.2 | 0.60 2.8 iz4 
0.13 - 11.5 7.8 0.80 14.1 13.7 
0.16 12.9 9.0 1.0 15.0 6 
0.20 ee ae 9.8 | 2.0 16.7 16.7 


parison, the method of Teply and Elvehjem (6) and an extraction pre 
cedure involving digestion with taka-diastase and papain (14) were 
employed. It is recognized that the latter procedure does not give max) 
mum values for the folic acid content of many natural material 
A preparation of crystalline vitamin B, obtained from Parke, Dawe and 
Company served as a standard. The results (Table V) were essentially 
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identical with all of the procedures employed. With alfalfa, a pronounced 
drift in values with increasing level of the sample was obtained in both } le 
| | of 
TaBLe III st 
Titrimetric Response of Lactobacillus casei to Nicotinic Acid, Pantothenic Acid, and: ot 
Biotin in New Medium th 
Titrated after 72 hours incubation at 37°. | le 
Nicotinic acid | 3 Pantothenic acid. | Biotin . | 
| Otwacid | 0.1 acid | 
Amount added | | Amount added Amount added | 
per 10 cc. | cc. | y per lO cc. ce. | cc, 
| 3.4 | | 0.1 | 5.2 
0.04 | 6.0 | 0.02 6.2 0.2 | 6.5 
0.10 | 10.0 0.07 10.7 0.7 10.2 
0.15 | 11.5 0.10 12.6 1.0 11.1 Wh 
, ‘0.20 | 12.0 0.15 13.5 | 1.35 12.2 Wh 
Liv 
Bee 
TaBLe IV | 
Comparative Determinations and Recoveries of Riboflavin i 
Riboflavin found 
. Present method* 
Snell-Strong, Turbidi- | 4 
ic (72 hrs. (16 hrs. ae | 
tie 
y per gm. y per gm. y per gm. per cent per cent effe 
Yeast extract (Bacto)...... 44.2 a4 43.8 109 106 
Liver concentrate (Wi'son’s 
182 193. -103 107 
Bacto-peptone........ 3.3 2.9 3.5 97 
American cheese............. 6.3 6.4 100 108 —ofn 
1.8 1.8 103 109 acct 
Skim milk powder...... 19.8 21:4 20.0. 100 95 
Rat kidney......... 25 22 27 95 105 
is 19 19 92 100 moc 
Canned peas......... | 0.44 0.48. 0.52 102... mod 
* Assay range, 0.02 to 0.15 y of riboflavin. 23 | 
acidimetric assays; this was not apparent in the shorter turbidimetrie d 
procedure. Quantitative recoveries of added vitamin B, were obtained. Exa 
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Effect of Fatty Substances—The disturbing influence of fatty aeiebe, 
lecithins, etc., on the response of Lactobacillus casei to suboptimal amount. 
of riboflavin and other vitamins has been noted elsewhere (15-17) and 
studied in detail by Kodicek and Worden (18). The same effeet« are 
observed with the new medium. Lecithin, for example, greatly stimulates 
the response to riboflavin at low levels but suppresses it somewhat at bigh 
levels. The addition of 50 y of oleic acid per 10 ce. of medium suppresses 


TasBLe V 
Comparative Determinations and Recoveries of Folie Acad 
| Folic acid found Rev 
Present method* 
— Acidimetric | ™ trix hes here.) 
(16 hrs.) (72 Bes.) 
y per em. y perem. perem. per per 
Whole wheat flour........... 0.32 0.35 | 0.33 “7 “7 
107 
Liver concentrate............ 20 & | OS 
Potatoes (fresh)............ 046 | 0.48 os 
| 1.2 | 0.52.5! 0.63.3; 9% 


* Assay range, 0.1 to 1.0 millimicrogram of folie acid per 10 ce. of medium 


growth completely; the simultaneous addition of 100 y of lecithin com- 
pletely overcomes this inhibitory effect. Measures such as solvent extrae- 
tion and filtration at pH 4.5, which are already in use to prevent these 
effects in other media, appear adequate with the present medium as well. 


DISCUSSION 


Recent years have seen a great expansion in the development and Use 


_ of microbiological assay methods. As experience with the assay organisms 


accumulated, it was inevitable that improvements in the early methods 
should result. In many cases the sole criterion used to determine whether 
modification of an assay medium has resulted in improvement has been to 


determine whether increased growth or acid production resulted from the 


modification. Judged by this standard, the present medium is greatly 
improved over former media used with Lactobacillus casei. It does not 


j hecessarily follow, however, that a medium which permits greater growth 
and acid production will necessarily permit more accurate bioassays. 


Examination of Tables IV and V reveals in fact that the present medium, 


| 


508 IMPROVED MEDIUM FOR L. CASEI 
although permitting accurate assays with increased growth and acid pro. 
duction, gives the same values as previously proposed assay methods. 
The modification is valuable because it permits greatly shortened assays 
to be carried out; assays inoculated at: the close of | working day are ready 


to be read at the beginning of the next. If the 3 day acidimetric method . 


is used, the new procedure appears to have little or no.adv antage over 
older methods. | 

The proposed procedure is also ad antageous ie that a single teal 
medium and assay organism suffice for assay of a number of vitamins, 
Routinely, the preparation of enzymatic digests of ‘casein is considerably 
Jess troublesome than that of acid hydrolysates of casein. 3 

All ingredients of the culture medium are present in considerable excess; 
dilution of the complete medium with an equal volume of water gives a 
medium which supports growth only slightly less luxuriantly. Although 
supplementation of the medium with natural materials has not been neces- 


sary to obtain accurate values with materials so far assayed, addition of 


such supplements may prove valuable for special purposes. Supplements 
free of riboflavin are readily obtained by photolysis (19, 20). while natural 
extracts treated with lead acetate in the same manner used in the prepara- 


tion of the yeast supplement for riboflavi in assay a 1) are free of both ribo- ~ 


flavin and folic acid. 


Other commonly used assay organisms, s such as Lactobacillus alin | 


and Lactobacillus pentosus, also produce heavy growth in the new medium 
during a 16 hour incubation period. - The medium could, therefore, be 


used with either of these organisms for the rapid turbidimetric determina-_ 


tion of nicotinic acid, pantothenic acid, and biotin. Results obtained in 
this manner have not been semana W ith ras giv en by previously pub- 
lished procedures. 
SUMMARY 

A medium is described which permits the accurate turbidimetric deter- 
mination of riboflavin and folic acid with Lactobacillus caset after a 16 
hour incubation period. Excellent growth curves are also obtained with 
nicotinic acid, pantothenic acid, and biotin, although use of the medium for 
determination of these vitamins has not been investigated. 

Results obtained turbidimetrically at 16 hours check those obtained 
acidimetrically at 72 hours; they also check those obtained by previously 
published procedures. 


The authors are indebted to Mer. =o Kihara, Ww ho participated in al 
work upon this problem. 
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‘DETERMINATION OF POLYSACCHARIDE IN SERUM 


By FLORENCE B. SEIBERT* ano JANE ATNO? 
(From the Henry Phipps Institute, University of Pennayleama, Philadel phve) 


(Received for publication, February 21, 1946) 


That there exists a true polysaccharide in the serum im close asseehet»em 
with the serum proteins has been shown by a number of inweetigations im 
cluding those of Bierry (1), Everett and Sheppard (2), Rimingteom (4), 
Lustig et al. (4), Hewitt (5), Nilsson (6), and Blix, Tiselius, and Swenson 
(7). In spite of the fact that there is a considerable concentration present 
in the serum, as great or greater than of glucose, comparatively few at- 
tempts have been made to evaluate it quantitatively with a wiew to de 
termining its significance. This may be due in part to the fact that it« 
quantitative estimation has been troublesome and in many cases inacewrate 

The present paper aims to present a quantitative method for ite deter 
mination, which is accurate, reproducible, and reliable. It ie newertheless 
tedious in that strict adherence to the details of the method and only wery 
careful technique will yield desirable results. If such care is employed, the 
method is dependable, as is shown by the data. 

Everett and Sheppard (2) applied the colorimetric methods of Pole and 
Wu, Benedict, Sumner, and Folin to hydrolysates of blood filtrate. Leet 
(4) and collaborators determined the carbohydrate direetly byw the Tih 
mans-Philippi orcinol reagent, and Nilsson (6) determined the carbohydrate 
as glucosamine. The present study utilizes the carbaszole reagent of 
Dische (8). The color produced varies from a deep pink for ghecose and 
related sugars to a brownish red for mannose and can thus be used im 
differentiating the type of carbohydrate accompanying the proteins under 
investigation. 


Techniques 


Total Carbohydrate 


The total carbohydrate content of serum is determined by use of the 
carbazole reaction of Dische (8), as stated previously, and for the com 
parison of colors, first (9) the Duboseg, then (10) the Evelyn, and mow the 
colommeer, Wh conhrmation by The Beekman speetrophotometer 


* Aided by a grant from the Committee on Medical Research of the Nations! Tw 
berculosis Association, and assisted by the Tuberculosis Control Diwiehom of the 
United States Public Health Service. 

t Chemist, Tuberculosis Control Division, United States Public Health Service 
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Any of these instruments, as well as others, should be adaptable in this 
method, but for quick routine work we have found the Klett instrument 
very useful. In the region of absorption most used in the method as out. 
lined, four scale divisions on the Klett instrument are equivalent to one 
division on the Evelyn, and this is the largest variation in readings between 
duplicate determinations which has been accepted by us (most readings 
vary only one or two divisions). This corresponds to a final difference of 
‘2 to 4 mg. per cent in the serum, with a maximum of 8 mg. per cent, in the 
method as used. | 

Reagents— 

1. Sulfuric acid reagent, 1 part of distilled water plus 8 parts of con- 
centrated sulfuric acid (Baker’s analyzed sulfuric acid, c.P. special, low in 
N and As). ! 

2. Saline, 0.9 per cent. 

3. Carbazole reagent, 0.5 per cent in absolute alcohol. Eastman Kodak 
earbazole is purified by twice subliming it. If sufficiently pure, it will re- 
main colorless indefinitely when dissolved in the alcohol and kept in a glass- 
stoppered bottle. It should be decanted free from any trace of sediment 
before use. 

Standard (G. G. M. (anes amounts each of 0.01 per cent glucose, ga- 
lactose, and mannose (purest grades) are mixed. | 

This standard is used in analyzing whole serum, since Hewitt (5) agreed 
with previous authors that the carbohydrate group in serum proteins is a 
polysaccharide containing equimolecular amounts of galactose, mannose, and 
glucosamine. 

Furthermore, the absorption curve given by serum w ith setbinnia as 
well as the shade of color observed, corresponds closely with that of the 
G. G. M. standard described below. Pure glucose alone ae a more rose, 
while mannose alone gives a brow nish red color. 

In order to determine the proper wave-length to be used for routine pur- 
poses, readings were made in-a Beckman spectrophotometer, at all wave- 
lengths, of the color produced by ecarbazole with 0.1 mg. of the isolated 
sugars or of the mixture of sugars. Similar readings at all wave-lengths were 
also made of the blank solutions of the same sugars, treated in the same 
manner but without the carbazole, and these results were subtracted from 
the above corresponding values, giving the curves (Fig. 1) which represent 
the true absorption curves of the sugars. They show that there are two 
wave-lengths at which definite absorption occurs; namely, at 5400 and at 
4400 A. It is furthermore clear that the relative amounts of absorption at 
these two wave-lengths differ markedly with the different sugars and that 
a ratio of their extinction or density values, log (1,//transmission), at these 
two wave-lengths would be characteristic of each sugary, as was also shown 
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by Gurin and Hood (11). Concentrations of different carhelhwerates were 
therefore determined in the usual photoelectric colorimeters with the wae of 
a filter giving the maximum absorption at wave-length HOO A. Simee 
identification of the tvpe of carbohydrate present in a mixture eam be meade 
by determining the ratio D at 5400 A to D at 4400 A, and since the matic 
found for serum corresponds more closely with that of the GG. ML. eebetewe. 
we have, therefore, used the latter as the standard for ewaluating the 
polysaccharide of serum. ‘The ratios found for the sugars of significance im 
this study were as shown in Table I. 


D 
MANNOSE ARABINOSE 
0.2 + 
GALACTOSE © 
0.2 
\ 
0.3} 
0.2| GLUCOSE SERUM GLYCOGEN / ‘\ 
38 46 54 62 42 SO 38 38 ‘4 


Fic. 1. Density curves of various sugars and sugar mixtures. G. M. represents 
equal concentrations of galactose and carry G. G. M., equal concentrations of 
galactose, mannose, and glucose; Serum 1, 2, and 3, curves for samples from one 

individual obtained by alcohol precipitation, and from another during fasting, ead 
following a meal respectively. 


Fig. 2 shows that the intensity of color produced at wave-length }400 A 
by different concentrations of the single sugars as well as of the mixtures 


followed Beer’s law. 


Method—Serum is diluted so that 0.5 ml. is made to 10 ml. with 0.9 per 
cent saline. Each ml. is equal to 0.05 ml. of original serum. 

To fourteen tubes (25 &X 150 mm.) are added | ml. of distilled water and 
8 ml. of concentrated sulfuric acid or 9 ml. of the sulfuric acid reagent 
These are shaken and chilled in an ice bath, and then to #ix tubes, three 
each for duplicate dilutions of the serum, | ml. of the diluted serum ie care 
fully layered on the top surface of the acid, without wetting the wide of the 
tube. Toeach of four control tubes | ml. of distilled water it added. To each 


of four standard tubes 1 ml. of the standard solution ie added. All tubes are 
again shaken, preferably under ice, care being taken that all the protein ie 


| 
if 
| 
1d | 
as | 
e, | 
| 
re 
ne 
m 
0 
at 
at 
at 


514 POLYSACCHARIDE IN SERUM 
completely dissolved. Then 0.3 ml. of the 0.5 per cent saieda is added is 
to four of the sera tubes (two from each dilution, Tubes A and ke to two | p 
Nn 
TABLE I | 
Density Ratios | 
: 
O.img. Dat 5400 A D at A Data 
Nucleic acid (thymus)...... 0.185 0.038 4.87 
TES 0.342 09.075 4.56 
Galactose-mannose................ | + 0.210 0.190 1.11 fe 
: Glucose-galactose-mannose.:....... | 0.243 0.143 1.70 p 
Serum (normal), fasting-.......... 0.223 0.157 1.42 
after high carbo- re 
di 
MGMS. 
0.12} m 
re 
0.10 pu 
004 
C06. po 
x MANNOSE Sin 
G.M. 
004 | © GALACTOSE 
+ G.G.M. 
® GLUCOSE dre 
rur 
cip 
10 30 50 70 90 1 130 iSO 190 30 
Fic. 2. Readings on Klett colorimeter plotted against the concentration of sugars | as 
used in the carbazole reaction, showing that Beer’s law is satisfied. viel 
standard tubes (C), and to two control tubes (D).. To the two remainimg | Th, 
sera tubes (A’ and B’), the two remaining standard tubes (C’), and the two cipi 
remaining control tubes (D’), 0.3 ml. of absolute aleohol (with no carbazole) cha 
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is added. All are again shaken, covered with glass bottle stoppers, and 


| placed simultaneously in a vigorously boiling water bath for exactly 10 


minutes. They are then simultaneously removed and cooled in a chilled 
water bath, and then read in a colorimeter at wave-length }400 A. 

Tubes D’ are read against each other and should cheek. 

Tubes D are read against Tube D’ to determine the amount of color giwem 
by the carbazole. This should be low and gives an indication of the purity 


_ of the carbazole and acid used. 


All tubes are read against a Tube D’. 
Calculation—The serum blank and carbazole blank readings are sub- 


tracted from the serum readings. The G.G. M. blank and carbazole blank 


readings are subtracted from the G. G. M. readings. Since a slight dil. 
ference may occur in the intensity of the color, produced by the standard, 
possibly due to heating of the reagent, the standard is always run with 
every set of analyses and, therefore, by calculation any variation im the 
results due to such small errors may be eliminated. Thus the reading due 
to 0.1 mg. of the standard divided into that due to 1 ml. of the unknown, 
multiplied by 10, will give the amount of total carbohydrate in 1 ml. of the 
dilution of the unknown. 


Glucose 


Free glucose in the serum was determined by means of the Somogyi (12) 
modification of the Shaffer-Hartmann method, using the ZaSO,-Ba(OH), 
reagent for deproteinizing the serum, as outlined by Nelson (13) prior te 
publication by Somogyi (14). 


Polysaccharide of Serum 


The total carbohydrate of the serum minus the glucose gives the true 
polysaccharide. Moreover, this polysaccharide can be determined direetly, 
since it is either precipitated by alcohol or carried down with the serum 
proteins when they are precipitated with alcohol. 

Method for Direct Determination of Polysaccharide—O.1 mil. of serum i« 
dropped into 10 ml. of 95 per cent alcohol with shaking and with care not to 
run the serum down the side of the tube. With this technique the pre- 
cipitate usually flocculates out in such a way that it is easy to centrifuge for 
30 minutes, leaving a crystal clear supernatant. Other procedures, such 
as those used by Lustig and by Langer (4), or Lustig and Nassau (15), 
yielded cloudy supernatants in our hands with resultant loss of protein. 

The precipitate is then washed with 5 ml. more of aleohol and centrifuged. 
The supernatants are carefully sucked off without disturbing the pre- 
cipitate. The precipitate is then immersed in an ice bath to prewent 
charring when the acid is added. Since occasionally a serum precipitates as 
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a gum instead of in floccules, 4 ml. of cold concentrated sulfuric acid are 
carefully added directly to the precipitate in order to effect solution, 
When shaken and cooled, 1.9 ml. of water are added, and, again when 
wool, 4 ml. more of cold concentrated HeSO, are added. Four such tubes 
are prepared and to two of them as controls is added 0.3 ml. of alcohol, 
while to the other two 0.3 ml. of carbazole reagent is added. These are 
shaken, covered with glass stoppers, and heated in a boiling water bath for 
exactly 10 minutes, then chilled, and read in the colorimeter. Simultane- 
ously water blanks, carbazole blanks, and tubes with the standard and its 
blanks are also run as described above under total carbohydrate determina. 
tion. The final calculation is also the same. 

In this case, however, a standard consisting of galactose alone is used. 


It was at first believed that a standard of galactose and mannose (G. M.)” 


should be used, since the glucose of the serum had been removed by the 


- rr 


TaB_e 
Recovery of Glucose (100.0 Mg. Per Cent Added) As Glucose in Serum 
Subject | a Glucose found Glucose recovered ; Error 
| me. per cent mg. per cent mez. per cent ms. per cent 
196.6 96.6 —3.4 
J. B. | 85.3 186.9 101.6 +1.6 


precipitation, but an absorption curve (see Fig. 1) for the alcohol pre- 
cipitate of serum indicated a type of absorption more closely corresponding 
to that of galactose alone than of a mixture of galactose and mannose 
(G. M.). This conclusion is supported by the ratios recorded in Table I. 
The explanation for this result may throw some light on the composition of 
the carbohydrate present in the serum and must wait for future consider- 
ation. 
EXPERIMENTAL 


Recovery of Glucose Added—In order to study the reliability of the 
methods chosen an attempt was made to determine the recovery of glucose 
as glucose and as total carbohydrate when added to serum. For example, 
Table II shows that, when a known amount of glucose was added to two 
sera,.copper iodometric titration analyses of the glucose on the original 
sera and on those after the addition varied to the extent of the amount of 
glucose added, within experimental error. : 

When glucose is added to serum, it can also be recovered in the total 
carbohydrate, determined by means of the carbazole reaction and read 


against the G. G. M. standard. The reading on the Klett colorimeter for 
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the original serum is subtracted from the reading for the same dilution of 
serum containing the added glucose and this result is then converted inte its 
equivalent of the G.G. M.standard. The result corresponds to the added 
glucose (see Table [11). 

Check on True Polysaccharide Concentration—Table LV shows the close 
correspondence between the concentration of true polysaccharide de 
termined by difference and directly on the same sera, indicating that the 


TAaBLe III 


Klett reading (5400 A) 


equivalent 
glucose | saline Difference mannose 
| mec. per ml me. per per 
82.3 |. 42.7 39.6 0.0855 0. 0880 0025 
J.B. 82.3 | 37.3 45.0 0.0405 0.0a80 +O 0025 
H. G. 96.7 | 55.0 41.7 0.0870 0. 
a. A. 85.0 | 48.3 41.7 0.0370 0. -0 opto 
A. B. 82.3 | 38.3 44.0 0.0400 0. +0 
| TAaBLe 
True Polysaccharide by Difference and by Direet Analyme 
‘Subject Total carbohydrate Glucose - beter 

mg. percent me. percent me. per cont me per 
M. D. 201.6 74.8 126.8 118.7 

BE. P. : 212.5 49.0 163.5 165.5 

E. H. | 212.0 96.6 115.4 113.5 

195.8 89.8 106.0 12.4 

B. 177.1 63.3 113.5 

W. McC 213.8 96 6 177.2 72.1 

i. 276.4 168.0 108.4 
E.8ch. | 193.2 100.5 


SS .4 


Carbohydrate 


Recovery of Glucose in Total Carbohydrate 


techniques chosen for the determination of total carbohydrate and for the 


alcohol-precipitable carbohydrate give essentially identical results. 


Keeping Qualities of Sera When Frozen—TIf sera are frozen several hours 
after the bloods are taken, no significant changes, greater than cam be 
accounted for by experimental error, occur jn their content of tetal ear 
bohydrate or glucose over indefinite periods of time. This is shown im 
Tables V and VI. If kept in this manner, therefore, it is possible te per- 
form the analyses at the time most convenient and economical from the 


standpoint of the laboratory schedule. 
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518 POLYSACCHARIDE IN SERUM 
Variation in Polysaccharide from Time to Time—It is of importance to | 
know also the spread in the polysaccharide value of sera taken from the § 
Variation of Glucose in Sera Kept Frozen 
Subject | Date bled Date of run | Glucose 
1346 1945 mg. per cent 
Apr. ll Apr. 16 101.4 
July 18 96.1 : 
99.1 
J. May 1 103.0 
June 4 101.9 
a July 5 July 9 87.1 
M. H. June § June 8 119.0 
N. H. July 16 9 
85.0 
I 
Variation of Total Carbohydrate in Sera Kept Frozen 
7 
Subject Date bled Date of run | Total carbohydrate 
1946 1945 | mg. per cent 
J. H. Apr. 11 Apr. 16 | 160.7 
July 18 | 156.8 
Aug. 21 | 162.0 
J. A. May 1 | 173.2 
June 4 | 168.8 
Aug. 22 | 182.4 i 
$B. June 8 June 12 | 157.6 
Aug. 1 | 152.4 
H. G. July 13 July 20 | 234.2 
Aug. 17 | 228.6 
A. B. June 19 July 16 | 164.2 
Aug. 23 | 168.2 
Oct. 31 | 174.6 
same non-fasting individual at different times and, therefore, a number 
of such results are included in Table VII. — | of 
Variation in Polysaccharide Due to M etabolism—Since the variation in the | OF 
true polysaccharide concentration of the serum in the same individual from | “4 
time to time appears to be considerable, as much as 27 mg. per cent in one sti 
case, it seemed advisable to determine more directly the effect of metabo- qT 


. 


Te B, 


lism on this constituent. 
signed to study this aspect. 


Blood was taken from fasting subject J. A. and them the following 
meal was consumed: 3 cup of whole wheat cereal, 3 gm. of ager-ager, 7 em 
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Tasie VII 
Variation in Serum Polysaccharide of Same Individuals at Different Times 


Subject 


Date bled 


| 
| 
| 


J. A. 


| 
| 

G. D. (advanced tuber- 
culosis) 
L. D. (minimal tuberculosis) | 


_E.S. (sarcoidosis) 


Apr. 


July 


Apr. 


July 


Sept. 
Dec. 


Feb. 
May 


Feb. 


July 
Oct. 
Apr. 


Nov. 


Effect of Metabolism on Polysaccharide Concentration 


1945 


carbohydrate 


Tetal 


mc. per com 


VIII 


Subject Time of bleeding 
J. A. Fasting 

After meal, 3 hrs. 
J. H. Fasting 

After meal, 30 min. 
F. §. Fasting 


sé 


2 hrs. 


After meal, 30 min. 


| 
| 
| 


Total 


151.3 
171.4 
24.0 
276.4 
186.0 
IM .2 
196.2 


of potato starch, 4 teaspoon of sugar, 1 pint of milk, 20 cherries, 2 call 
oranges and the pulp from these oranges. 3 howrs later & second Meee 
This diet was planned to contain galectam, galeetese, 


sample was taken. 


= 


173.2 
171.4 
132.8 
276.0 
103.4 
186.3 
196.2 
258.2 
200.5 
143.0 
168.4 
185.1 
24.5 
219.6 


carbohydrate 


mt. per 


ATNO 


per 


one 


| 
™ 


we 


Therefore, the following experiment« were de 


starch, sucrose, and arabinose from the cherries and orange pele peetie 


The results are given in Table VIII. 
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Blood was taken from fasting subject J. H. and then the following meal 
was consumed: | cheese and ham sandwich on rye bread, 1 slice of white 
bread, | egg, 1 orange, a piece of pickle, 2 coniesee with jelly, 1 orange, | 
glass of milk, 3 cups of tea, 100 gm. of maltose. 4 hour after the meal g 
second blood sample was taken. | 

Blood was taken from fasting dibiect | F.S. and then the following mea] 
was consumed: | pint of milk, 2 oranges, 2 proces of Swedish bread (about 
100 gm.) with much butter, 24 dried brewers’ yeast tablets (= 7.0 gm. of 
dried veast) as a source of mannose: 4% hour and 2 hours after the meal 
additional blood samples were taken. 

These experiments show that relatively little aes occurs in the true 
polysaccharide content of serum due directly to the ingestion of food, even 
when the glucose content (see J. H. in Table VIII) doubles. . The largest 


change which occurred in three experiments was 13.3 mg. This is not as 


much as twice the experimental error of the method. 

Variation in Normal Indiwiduals—The concentration of true polysac- 
charide in the non-fasting sera of thirty-nine normal individuals was found 
to vary from 72.9 to 131.0 mg. per cent, with an average of 102.2 mg. per 
cent. Variations found in different pathological conditions will be given 
in another paper. 


DISCUSSION 


There are certain errors automatically inherent in the method, which 
should be understood. For example, it is clear that glucose gives more 
color per unit with the earbazole reagent than does mannose or galactose. 
Consequently, of sera checked against the same standard, those containing 
a high glucose content will appear to contain falsely high polysaccharide 
concentrations, while those with low glucose will be more nearly correct. 
Therefore, theoretically a different standard, containing varying amounts 
of glucose, should be used for each serum, depending upon the amount of 
glucose present. This, of course, would be impractical, even if possible. 
and the conclusion naturally arises that it would be better to employ 4 
method in which the glucose is eliminated from the serum before the 
analysis. Such a method is that described in this paper as the ‘direct 
determination of polysaccharide.’’? This method, furthermore, decreases 
the experimental error by eliminating one step in the analysis. 

_ As mentioned in the description of the method, a standard is run with 
each set of determinations and the value obtained on this standard is used 


in the calculation of the results for all other products analyzed at the same | 


time. This is done because the reading for the standard will fluctuate from 
time to time as much as +5 around an average value. Since it is very 
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desirable to eliminate this fluctuation, a careful investigates wae 
to its cause. 

It was found, for example, that much of the diffiewltw baw with the 
earbazole reagent itself, and attempts were made to owereome tt bw diesels 
ing the carbazole in concentrated sulfuric acid rather tham im aleoted 
Such a reagent gave results which checked very well, all of whieh were 
considerably higher than those obtained with the aleohedie cartels 
. However, a fluctuation still occurred in the readings for the etencerd eames 
solutions and, since this acid carbazole reagent must be muade free each 


day, there seemed to be no advantage in its use. 


During these experiments it was found that aleohel deeremses the eatee 
produced but since the same amount of alcohol i« added te all tubes ee 
error is caused in this way. It is interesting, howewer, thet the deeremee = 
eolor by the alcohol is caused in the sugar blanks, comtebeieg emly the 
sugars and sulfuric acid, as well as in the tubes ecomteining earhesede 

In view of the fact that no solution for the elimimatiom of Che Geeteeties 
has so far been found, the method should be used exactly te 
to obtain reproducible results. 


SUMMARY 


A colorimetric method based upon the carbazole reaction fee 
the quantitative determination of the polysaccharide comtest of «rem 

Absorption maxima of the compound formed between carhelbwelrete aad 
carbazole occurred at two wave-lengths (5400 and 4408 4 “nee the 
relative amounts of these absorptions varied for different fepee of eee. 
the proper standard could be chosen for comparison with the carhelbweleete 
under investigation, even if unknown, based upon the ratio ed (he 
coeficients at these two wave-lengths. 

Comparable results were obtained whether the wae 
directly upon the polysaccharide which precipitated with the sere pee 
teins in alcohol, or by subtracting the glucose comtemt of frome 
total carbohydrate concentration. 

The concentration of carbohydrate in serum ineleding gheeese died eet 
change over an indefinite period of time, if the sere were the 
state or just at the point of freezing. 

The average serum concentration of polysaccharide seemed 
individuals was 102.2 mg. per cent, with a range from TE te 19) Oo pew 
cent and the same individual bled at different tienes diel met chew 
change unless disease was present. 

In three subjects a maximum variation of 19.3 per of 
saccharide was noted between the concentrations fectiew ened after 
ingestion of meals containing considerable amownte of carheledeete 
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METABOLISM OF THE MALARIAL PARASITE, 
ENCE PARTICULARLY TO THE ACTION tm 
ANTIMALARIAL AGENTS 
I. PREPARATION AND PROPERTIES OF FLAS W & 


SEPARATED FROM THE RED CELLS OF IM 
MEANS OF 


By MARIANNA R. BOVARNICK, ANN LINDSAY, 
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A study of certain aspects of the of the 
Plasmodium lophurac, from duck blood wae ef 
elucidate the mode of action of some of the «br 
already been shown by Christophers and Fultem (1) (het eeemeteeee! quem 
key blood exhibited a rapid oxygen consumptiom the of 
and that this was suppressed by quinine (2), atebetee, pleeeeeee cme 
related drugs. Similar effects have subeequentiy metee 
observations with 2. gallinaceum in the red celle of checkem Wheel ae well 
as with P. knowlesi (3, 4). However, the nature of the teleleticn amet 
whether it was primary or secondary to « lethal eethem om (he 
were not indicated. 

It was believed that a clearer picture of the metahedee of the peemeties 
might be obtained with parasites separated from the ped Mowe eellie oe 
pecially in the case of those that occur in nucleated red celle (Cietetephers 
and Fulton found that Plasmodium knowles, seperated frome the cod cote 
of monkey blood by saponin, was capable of some 
separated P. gallinaceum from the red celle of chickem 


gated some of the individual enzymes found in parasite extracts with 


regard. to their sensitivity to atabrine and quinine (6). Whee eftesest. 
were made to separate P. lophurae from the red celle of dee Whew! te 
either of the described methods, it was found that the 
avery low and rather rapidly declining rate of oxygen ae 
to the stable respiration of the parasitized red celle Therefore comme 
alterations in the method of preparation to avoid to Che 


_ Were necessary before material of high and moderately 


* The work described in this paper was done under comtrmet, be 
Committee on Medical Research, between the Office of cnet 
velopment and The Johns Hopkins University 
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take could be obtained. The method finally adopted for destruction of 
the red cells, as well as some of the properties of the separated parasites 
thereby prepared, is described below. 


M ethod. 


Oxygen consumption was measured by the usual Warburg technique 


at 37°. Each flask contained 0.6 ml. of cell.suspension diluted to a total - 
volume of 2.4 ml. The buffer-salt solution! used in these measurements 


had the following composition: NaCl 0.0068 m, KCI 0.0865 m, NasHPO, 
0.0275 m, KH.PO, 0.0025 m, MgSO, 0.0015 m; pH 7.6 (on addition of 
cells, the pH at once fell to about 7.3). All solutions added to the reaction 
mixture were brought to this or a closely similar salt concentration and 
pH. Glucose, when present, was added to a final concentration of 0.0058 


to 0.0116 Mo. 


For washing and suspending parasitieed red blood cells and separated : 


parasites, a buffer-salt solution of the following composition was used: 
NaCl 0.0145 m, KC1 0.088 NazgH PO, 0:021 m, KH.PO, 0.005 m, NaHCO; 
0.004 m, MgSO, 0.0015 m, glucose 0.0139 mM; pH 7.25. The glucose was 
omitted only for the final washings of cells that were to be used with other 
substrates. 

The parasitized duck blood was Stctand through the courtesy of Dr. 
E. K. Marshall, Jr., and his staff shortly after it had been drawn from a 
duck with a 3 or 4 day infection of Plasmodium lophurae. The total para- 
site count on different samples varied between 8 and 13 X 10° parasites 
per ml. The blood was cooled, centrifuged, and the cells washed two or 
three times with 20 ml. of buffer-glucose solution per 10 ml. of blood, and 
then resuspended to the original blood. volume in the same medium. 

After preliminary experiments in which various factors were tested, the 
following procedure was adopted for the separation of parasites from red 
blood cells. 1 volume of washed parasitized cells was warmed to 37’; 
to this was added 0.5 volume of 0.15 per cent saponin, dissolved in the 
buffer-glucose solution, and the mixture was held at 37° for 15 minutes 
(or in later experiments, only 5 minutes), followed by dilution with 25 
volumes of buffer-glucese, and centrifugation at room temperature for 10 
minutes. The supernatant was discarded and the parasite-nuclei mixture 
washed once at room temperature with 4 volumes of buffer-glucose, and 
then once or twice at 0° with buffer-glucose or buffer alone. The number 
of washings had no influence on the activity of the parasites. The para- 
sites were finally resuspended.in buffer to the original blood volume. 


! A similar solution was described by Trager (7). 
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Results 

The oxygen uptake ot washed, parasitized red blood celb varwe) bet ween 
18 to 60 microliters of O. per 15 minutes per 0.6 mal 
no correlation with the total parasite count. 
made, but it was noted, in agreement with the obeerwat emelothere & be 
4), that the low rates of oxygen uptake were fownd with « 
containing predominantly small forms of the parasites, ancl the hugiher rates 
with larger parasites. 

In evaluating the suitability of the procedures tried foe te peration af 
cell-free parasites, the washed red blood cells were treated woth pe ren 
washed, and finally resuspended to the initial volume or 


Differential 


The rate of O, uptake by 0.6 ml. of separated parssites cooled 


| 


Effect of Saponin Concentration and m perature on Orygen 
| Separated from Red Blood Cells 


Experiment No. | Temperature of | Final concentra.) | 
8-1 | 0.1 2 
| 37 | 0.1 2 ; 
16-1 | Room | 0.05 2 “ 7 
37 0.05 2 
10-2 | 3¢ 0.2 
| 2 
| | 0.05 2 
| | 0.05 1.1 


then be directly compared with that of 0.6 mal. of the pear 
cells. The factors of chief importance in the preparation of active <p 
arated parasites were found to be the concentration and 
and the temperature at which the cells were in eomtaet 
High yields were favored by use of the minimum amount of eepemen ov 
quired for complete hemolysis, and-by saponization at eather 
any lower temperature (Table | ). 
and parasitized duck blood indicated that a comeentration of Ga per 


wrth mer 


Saponin, in a final volume 1.5 times that of the eel! wae 


sary to insure complete hemolysis. Later experiments unerewtesd thet comme 
blood samples may require less, so that for the beet pewullte the 
concentration required by each particular blood pre by 


have been determined. 
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Attempts were made further to improve the ‘‘yield”’ of respiratory aetiy. 
ity by change in the composition of the buffer or by addition of varioy 
substances with or immediately after the saponin. Variations in pH be. 
tween 7 and 7.6, in the Na:kx ratio from 0.7 to 30, or addition of smajj 
amounts of Ca, Mn, Zn, Cu, or Fe, had no demonstrable effect. Addition 
of duck plasma, 1 volume, or of cholesterol (0.2 to 0.3 mg. per ml., kept in 
suspension by lecithin, 0.3 to 0.7 mg. per ml.) immediately after the 
saponin also was without effect, although either would have sufficed to 
prevent the action of saponin upon the red blood cells if added initially. 

Properties of Erythrocyte-F'ree Parasite Preparations—The preparations: 
showed a rate of O. uptake that averaged 70 per cent (55 to 92 per cent) 
that of the parasitized red cells, when prepared from fresh blood. | 


prepared 24 hours later, the yield was lower, 54 per cent (38 to 67 per cent). 


Part of the loss of respiratory activity undoubtedly was attributable to 
destruction of the red cells. Normal duck red cells had an appreciable 
QO, uptake, averaging 6 microliters of O. per 15 minutes per 0.6 ml., as 
compared to 18 to 60 microliters for parasitized cells. The O. uptake of 
the normal cells was completely lost after saponization and washing of the 
nuclei. It is quite possible that the metabolic activities of host and para- 
site cells are not distinct entities, and it is certainly unlikely that the frac- 
tion of the respiration assignable to the red cells as such is identical with 
the normal red cell respiration. Therefore it would appear to be impossible 
to estimate with complete accuracy the loss to be expected on separation 
of parasites from red cells. If the rate observed with normal cells is used 
as at least a rough estimate and subtracted from the total to give a measure 
of the respiration due to parasites in the cells, the respiratory activity 
retained after saponization of fresh blood becomes 88 per cent (68 to 107 
per cent). Some of the variation noted may have resulted from the cr- 
cumstance mentioned above, that certain blood samples actually required 
less than the selected amount of saponin for hemolysis. 

The respiratory quotient of the separated parasites, with glucose as sub- 
strate, varied with different blood samples between 0.7 and 1.0, indicating 


that with some glucose utilization was complete, with others incomplete. 


? Dr. E. K. Marshall, Jr., and his staff in experiments with the washed separated 
parasites found in the latter a definite but low degree of infectivity. The parasites 
were given intravenously in doses of 1200, 300, 240, 60, and 12 X 10° parasites to groups 
of three or four ducks weighing 100 to 150 gm. Parasites were first detected in blood 
smears of all twelve of the birds given 60 X 10° or more parasites between the 6th and 
10th days after infection. Parasites were seen in blood smears of two of the four 
ducks receiving 12 X 10° between 10 and 13 days after infection. It was estimated 
from the day of appearance of the infection that less than 100 infective parasites 
apparently were contributed by the dosage of 12 * 10°. 
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A similar variation in the r.q. of parasitized red celle (10) hae heew de 
scribed. 

The respiratory activity of the separated parasites kept at 0° wae bee 
stable than that of the parasitized red blood cells maintained waeer the 
same conditions. ‘The latter after 24 hours storage showed an () eeteke 
88 per cent (72 to 100 per cent) of that of the fresh cells, while the former 


TasBLe Il 
Rate and Stability of Oxygen Uplake of Separated Parasites with Certain Svhetrates 
Relative rate* Per cent of fate 
Substrate Concentration No. of | of 
experi- experi- | 2nd he | eeper: 
ments : ments | mente 
None 25 | 10 
Glucose 0. 006-0 .012 100 | 33 | 80 (83-07 COS? 
Lactate 0.0125 7 109 | 5 | | 
Glucose 0.01 | | 5 | 89 | ™ 
Pyruvate 0.002 8 | 95 3 | 36 
| 
Glucose 0.01 | | 2 | 92 
Suecinate 0.008 | 10 | 62 
Glucose 0.01 | 10 | 
Fumarate 0.008 | 4 | 28 | 4 | 92 
Glucose 0.01 4 | 93 
Adenosine  tri- 0.00024. 4 209; #3 | 
phosphate} | | 
Glucose 0.01 | 
Adenylic acidt 0.00024 7 26; 4 | 80 
Glucose 0.01 | | 3 


* Rates are here expressed relative to the rate of O,; uptake with glacose ae «eh 
strate, this being taken as 100. 

t In several experiments with glucose as substrate the rate wae obeerwed fee « 
longer period; per cent of initial rate 4th hour, 75 (62 to 80); Sth hour, 64 (46 te TS) 

tSee the text. 


showed 76 per cent (71 to 82 per cent) of their original activity. In beth 
cases, data only for cells stored with glucose were included in the average, 
since those stored in its absence had considerably less stability 

At 37°, the difference in stability was more marked. Parasitized red 
blood cells had a constant or even a slightly increasing O, uptake for at 
least. 5 to 6 hours; the parasites, a rate linear for 60 to 90 minutes and there. 
after slowly decreasing (Table IJ). Various substances, in addition te 
glucose and buffer, were added to the parasites in an attempt to increase 
their stability. These included yeast extract, duck plasma, duck red 
blood cell extract (prepared by dilution or by freezing and thawing), 
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succinate, 0.00024 m adenosine triphosphate (ATP) or adenvhe acid, and 
a mixture of the known growth factors and vitamins. Some of these gub. 
stances did increase the rate of oxygen uptake: veast extract increased jt 
about 20 per cent, succinate 30 per cent, fumarate 13 per cent, and plasma 
10 per cent; the others had no effect on the rate. None led to an increagad 
stability. Whether the slow decline in rate of O2 uptake was due to damage 
to the parasites or to a defect in the medium remains undecided. 
Substrates Utilized—-With separated parasites, washed free from glucose 
after saponization, it was readily possible to demonstrate an oxygen uptake 
with certain other substrates (Table If), since with buffer alone such para- 
sites showed only a small O, uptake that decreased nearly to zero in about 
90 minutes. Only lactate and pyruvate gave a rate approximating that 
found with glucose but with none of the substrates was the rate as stable 
as with glucose; however, except ‘in the case of succinate, the differences 
in stability were not marked. The results for each substrate are compared 
with the glucose results for the particular blood sample, inasmuch as dif- 
ferences in stability were found in parasites prepared from different samples 
of blood, while the results for any one blood sample were quite consistent. 
For convenience of representation, ATP and adenylie acid are included in 
the list of substrates, since their addition brought about an increase in 
O. uptake; in view of the fact that respiration in these instances had an 
r.Q. of 1.0, and was absent in controls to which had been added the products 
from ATP, initially heated at 100° for 10 minutes in-n HCI, it seems prob- 


able that, their’s was the usual catalytic réle, here associated possibly with 


the oxidation of some polysaccharide already present in the cells.$ 
Preparation of Pyruvate Solutions—-In connection with the behavior of 
the parasites toward different substrates, it should be noted that at first 
erratic results were obtained with pyruvate. With buffer-washed para- 
_ sitized red blood celis the use of pyruvate generally resulted in an oxygen 
consumption nearly as rapid as with glucose; on the other hand, with 
separated parasites there occasionally was obtained little or no Oz, uptake, 
and at other times the rate was approximately that observed with glucose 
as substrate. It was eventually noted that this variability lay in the pyru- 
‘ate solutions rather than in the parasites. Those solutions that them- 
selves afforded very low rates also inhibited more markedly the oxidation 
of glucose when added therewith. All solutions were prepared by dilv- 
tion with ice water of pyruvic acid freshly distilled at 3 mm., followed by 
neutralization with sodium hydroxide to approximately pH 6.8. However, 


in some cases a slight excess of alkali was added before the desired end- 


point was attained; it was found that these solutions gave the very low 
rates. Those prepared without even temporary overneutralization con- 


* Analysis for reducing sugar (11) showed that no detectable glucose was present. 
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sistently showed an oxygen uptake 80 to 100 per cent of the glucose rate, 
when the final pyruvate concentration was 0.002 to 0.003 mM. It wae newer 
possible to prepare a pyruvate solution that did not inhibit somewhat af 
higher concentrations. 

In Table III are given the average results from several experiment. 
demonstrating the difference in behavior of exactly newtraliged aad tres 
siently overneutralized pyruvate solutions as well as the differences im 


. dyes was studied. 


sensitivity thereto ot separated parasites and parusttizes reed 

Respiration in Presence of Cyanide and Cresyl Blue ln an attempt to 
detect if possible the functioning of a flavoenzyme associated with reapers 
tion in the parasites, their behavior with evanide 


- 


cert anh 


Taper Ill 


Oxygen Uptake of Parasites and Parasitized Red Blood Colle eth Pyrwe 
As Sul 
Rates are given as percentages of the rate with 
Nature of pyruvate preparation 
sts te P crs 
From freshly distilled pyruvie acid, 
not overneutralized 
From freshly distilled pyruvie acid, 
transiently overneutralized 
From old pyruvic acid, not overneu 
tralized 


‘This segment thee wee by 


the consideration that in tissues fla raltaly ene 
be “separated’”’ from metalloenzyme bw thee 
In harmony with certain prev iotis obeervatpore (S =) wee (hat He 
addition of 0.001 M cvanide nearly coma pletely cmb the me y germ com 
sumption of the parasites, both as to separated 
red blood cells. Certain dyes, cresyl thee, iene 
toluidine blue, and toluylene blue, hawe foamed partially te 
oxygen consumption. Unfortunately theee alee 
the rate of oxidation in the absence of ewamicle. oo Chet thew be com 
sidered to be “ideal’’ substitutes for the «atalyete 
peared slightly less inhibitory and more catalyteeally aetiwe (hem others 
(16) and was used in most of the eX tee 
tion about 35 per cent (25 to 45 per cent) and imeremeed the cate ie Ge 
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presence of cyanide from nearly zero (average, 7 per cent of the elcose 
rate) to 42 per cent (30 to 64 per cent) of the ghicose rate. : 

The respiratory activity was less stable in the presence of cresyl bint: 
with or without cyanide, than in its absence, declining even during the Ist 
hour. The inhibitory effect of cresyl] blue probably is most marked with 
respect to the later stages of glucose utilization, since the R.qQ. in its presence 
is markedly reduced (Table [V). Furthermore, pyruvate oxidation in one 
experiment was inhibited 70 per cent by cresyl blue, and glu COSe oxidation 
only 45 per cent. 


IV 
Respiration of Parasites and Red Blood Cells in Presence of Cresyl Blue 


| HCN, 0.00125 
Experi- | Contro! HCN, 0.00125 m | cresyl blue, 
ment Type of cell | : 0.03 mg. per ml. 
| | Rate | R.Q. Rate Rate R.Q. {| Rate RQ. 
{ H 
| microliters microliters microlilers maser 
Oz. per 13 Oz per 15 Oe per i5 per 
mit. min, min. 
21 | Separated | 27.1 | 0.83 14.8 | 0.53 
21 Parasitized 33.2 42.5 11.9 
red cells 
21 | Normal red 6.3 14.7 
cells 
23 Separated 13.9: | 0.71 1.3 9.4 0.57 8.9 | 0.57 
| parasites | 7 
24 34.5 0.93 Q.2 10.8 | 0.68 
NaNs, 0.01 
NaNz, M; cresyl 
- mM blue, 0.05 
mg. 


Parasitized red blood cells differ from the parasites in their behavior 
~ toward cresyl blue. Their rate of O. uptake is increased rather than de- 


creased by the dye. This increase must be attributable in part to in- 
creased red cell respiration, since a similar effect is exhibited by normal 
red cells (Table IV; also (17, 18)). However, in the presence of cyanide 
and cresyl blue, the parasitized red cells resemble the parasites in that the 
resultant O2 uptake is slow compared to the normal rate (Table IV). | 
In a few experiments sodium azide in place of cyanide was employed as 


respiratory metalloenzyme inhibitor (19). However, this reagent proved. 


to be much less effective as inhibitor of O. uptake under the conditions, 
failing, even in a concentration of 0.01 mM, to inhibit oxvgen consumption 
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completely. With sodium azide, as with ewande, the cate of 
take was partially restored by addition of ereewl ‘Tiket ©) oe 
take with both cresyl blue and evanide (or Che 


cresvl blue alone, and further that the woe te 
‘under both conditions, suggest that the reetoratios of 


to cyanide- or azide-treated cells is limited byw an effect of 
catalytically active dyes upon one or more of the semeqetellieeneeme 
involved in respiration. 

Effect of Atabrine and Quinine—In agreement with the observations of 
other workers on parasitized red blood celle 4). woe 


Effect of Atabrine and Quinine on Rate of te 


ment: 
Separated para- | Glucose, 0.011 w 
| ™M + cresyl blue, 
| 0.05 mg. per ml 
| Lactate, 0.0125 2 » 
| Pyruvate, 0.002- 6.3 
0.003 M 
Succinate, 0.008 » 
Fumarate, 0.008 ** 5 is 
Parasitized red | Glucose, 0.011 “ 3 
cells 
mre 
Gers * 
Separated para-_ 0.011 * 09% om 
sites | | 


concentrations of atabrine and quinine had only a slight effeet om the wate 
of parasite respiration, while higher concentrations. « g. did in 
hibit significantly. Since there was little change of n.q. in the presence of 
atabrine, and since the inhibition did not differ markedly with wartoue ewh 
strates, there was no immediate clue as to the stage of oxidation with 
which atabrine might interfere. In contrast to the action of creer! Pedrser 
the characteristics of inhibition by atabrine are similar in parasitiged red 
cells and in separated parasites. 

In view of certain observations‘ (20, 21) On inhibitions of flawoenswme 


‘Unpublished results of the authors. 
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activity, it seemed worth investigating whether interference by competition 
with the prosthetic group of one or more flavoproteins might account for 
the observed atabrine inhibition of parasite respiration. The study of 
“eyanide-cresyl blue respiration’? permitted an opportunity for a test of 
such an assumption. It was found, however, that respiration under these 
conditions was practically unaffected in the presence of concentrations of 
atabrine and quinine as high as 0.001 m (Table V). It would seem, there. 
fore, that if respiration in these cells under such conditions actually jg 
mediated through a flavoprotein, the latter mav be one that, like Straub’s 
flavoprotein a om heart muscle (15), is not subject to dissociation by ats- 
brine.‘ 


SUMMARY 


A method is described for the separation of Plasmodium lophura 
parasites from the red cells of parasitized duck blood. The separated para- 
sites had an oxygen consumption that averaged 70 per cent that of the 
original blood. The rate of oxygen uptake with glucose as substrate was 
stable for 60 to 90 minutes at 37° and thereafter declined slowly. 

2. Parasites washed free of glucose also showed an oxygen uptake with 
certain other substrates; with lactate and pyruvate the rate was approx- 
mately the same as with glucose; with succinate and fumarate it was 30 
per cent of the glucose rate: . 

3. The oxygen uptake of the parasites was completely inhibited by 
cyanide and could be restored partially (40 per cent) by cresyl blue, al- 
though cresyl blue alone inhibited normal respiration to some extent. 

4. The inhibition by atabrine and quinine of the oxygen uptake of the 
separated parasites with various substrates is described... Only at a con- 
centration of 0.001 m was inhibition marked, approximately 50 per cent. 
There was no selective inhibition of the oxidation of glucose, lactate, 
pyruvate, succinate, or fumarate. The cyanide-cresyl blue respiration 
was not affected by atabrine and quinine. 
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METABOLISM OF THE MALARIAL PARASITE, WITH REPER 
| ENCE PARTICULARLY TO THE ACTION OF 
ANTIMALARIAL AGENTS 
IL ATABRINE (QUINACRINE) INHIBITION OF GLUCOSE OXIDATION 


IN PARASITES INITIALLY DEPLETED OF SUBSTRATE. REVERSAI 
BY ADENYLIC ACID* 


By MARIANNA R. BOVARNICK, ANN LINDSAY, anv LESLIE HELLERMAN 


(From the Department of Physiological Chemistry, The Johns Hophine © niverety, 
School of Medicine, Baltimore) 


(Received for publication, January 22, 146 


As described in Paper I (1), atabrine, except in relatively high comeen- 
trations, does not markedly inhibit the oxygen uptake of /’laemedium 
lophurae under the conditions there reported. However, it was subse 
quently noted that parasites that have been thoroughly exhausted of «ul» 
strate oxidize glucose only after an induction period; in the presence of 
atabrine the oxygen uptake then is strongly inhibited at comeideral:ly 
lower concentrations than is the case with cells not deprived of glacose 
Afurther study of this phenomenon was undertaken and is deserthed helow 


Methods 


The erythrocyte-free Plasmodium lophurae parasites were obtained a« 
previously described (1) from fresh, washed parasitized duck red thoes 
cells, or from such cells after 24 hours storage at 0°, and were used within « 
few hours of the time of preparation. The only apparent differemee be 
tween parasites prepared from fresh and from 24 hour red celle wae a lower 
total activity in the latter case in which the rate of Oy uptake with glaeoee 
averaged 82 per cent (70 to 94) that of parasites prepared from freak ree! 
cells. In these experiments the cells were washed twice with baller com 
taining no glucose, four times the original cell suspension wolume heme 
used for each washing. The usual buffer (1) was used exeept for exper 
ments that required phosphate analyses. Here, the parasites were washed 
with a salt solution of the following composition: KC] 0.0826 , Net! 
0.0574 MgSQ, 0.0015 

To complete the removal of oxidizable substrate from the parasites, 
they were suspended in glucose-free buffer, 0.6 ml. of cells, and 1.6 ml. of 
j buffer in Warburg vessels and shaken at 37°, usually for 100 minutes: ther 


* The work described in this paper was done under a contract, recommended byw the 
Committee on Medical Research, between the Office of Scientifie Research aad Die 
velopment and The Johns Hopkins University. 
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0.2 ml. of 0.07 or 0.14 m glucose was added from. the side arm. Readings | 
were taken at 15 minute intervals. Other additions were made initially 
or with the glucose, as indicated, the final volume being kept the same 


For experiments in which changes in phosphate were followed, the usual 
phosphate-salt solution could not be used as buffer, and veronal proved to 
be strongly inhibitory. However, egg albumin, in a final concentration of 
about 2.5 per cent (3.4 mg. of N per ml.), was found to be an essentially 
inert and non-inhibitory buffer. It was prepared according to Kekwiek 


and Cannan (2), dialyzed free from salt, and adjusted to pH 7.6 and to 
the desired protein concentration after determination of total nitrogen | 


by Kjeldahl analysis. It was also adjusted to the same salt concentration 
as the above KCl-NaCl solution and then sterilized by Seitz filtration, 


In this way it could be kept in solution ready for use and free from bae- | 


terial contamination almost indefinitely at 0°. 


Adenosine triphosphate (ATP) was prepared from rabbit muscle accord- | 


ing to Needham (3). Adenylic acid (adenosine-5-phosphate) was pre- 
pared from ATP by Ba(OH), hydrolysis, as described by err (4). Crude 
coenzyme I (DPN) was prepared by the method of Williamson and Green 
(5) and was found to be 35 per cent pure. Flavin-adenine-dinucleotide 
(FAD) was prepared according to Warburg and Christian (6). A mixture 


of FAD and flavin mononucleotide was prepared by heating a solution of. 


FAD for 10 minutes in ~ HCl] at 100° (7). It was found to have decreased 
activity with d-amino acid oxidase and no benzyl alcohol-extractable pig- 
ment. 3 

When glucose disappearance as well as O. uptake was to be followed, the 
contents of the Warburg vessels were transferred to centrifuge tubes, cooled, 
centrifuged, and the supernatants used for analysis for reducing ability 
by the Folin-Malmros method ((8), Umbreit (9) p. 103). 

When changes in phosphorus (P) distribution were followed, a total vol- 
ume of 3.2 ml., with proportionate increase in the parasite suspension 
volume from 0.6 to 0.8 ml., was used in each Warburg vessel. At the de- 
sired time the contents of three similarly treated vessels were combined 
and cooled. 1 volume of cold 16 per cent trichloroacetic acid was added, 
the mixture centrifuged and filtered, and 2 ml. of the filtrate used for each 


analysis. In a few cases parasites and supernatants were analyzed sep | 


arately. The flask contents were centrifuged cold and fhe supernatants 
removed. The parasites were extracted with 8 per cent trichloroacetie 
acid and the supernatants precipitated with 1 volume of 16 per cent tt 
chloreacetic acid. Aliquots of each fraction equivalent to 1 ml. of the 
original reaction mixture were used for the analysis. Since in most it 
stances the absolute amounts, and in all cases the concentrations of all? 
fractions were considerably higher in the cells than in the supernatants, 
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the cells were not washed before extraction with trichloroseetie aed 


Analyses for inorganic, total, and labile P were all carried out in duplieate. 
essentially as described by Le Page and mbreit ((Qy) 


Results 


In Table I are summarized the results of numerous experiments om the 
rate of oxygen uptake after addition of various substrates to parasites 
that initially were shaken for 100 minutes in substrate-free buffer te 
order to average the results of experiments done at different times, all the 


Tasie 
Rate of Oxidation of Various Substrates by Parasites Initially Depleted of Sabetrate 


Relative rates*® 


Sub- | Substrate added after 


Per cent 
Substrate strate depletion of final rate by 
added atabewme 
| depleted lexpeci-| | 15-30| Fi 
cells ments | mun na} 
M 
Glucose 10.006 | 100 23 | 34 

0.006 | 100 |} 11 | 6 | 26 | 57) 
Lactate (0.0125 | 109 | 4 | 41 | 50 | 61/20 (15-25 
Pyruvate (0.002 | 95 20 St |S 
Succinate 0.008 31 21/17 |2 |15'38 
Fumarate 0.008 2s 2 9 2 
Adenosine triphosphatet, 0.00024 29 | 2 1.5 16 3 «61S 
Adenylic acidt | 0.00024; 26 | 3 | 9 | 17 | 14) 16) (1697 


' 


* Rates relative to the rate of oxidation of glucose by the same parasite prepare 
tion, taken as 100, when the glucose was added simultaneously with the parasites 

+ These comprise tests solely with those parasite preparations that were etedred 
with the other substrates. The first line includes all glucose tests (see the text 

} Included here for convenience of representation; compare foot-nete } 


rates were calculated relative to the rate of oxidation of glucose by the 
same parasite preparation, when the glucose was added to the reaction 
mixture simultaneously with the parasites. Moreover, in averaging the 
results for this and Tables II to X, duplicate experiments with para- 


| sites from any one blood sample, even if conducted on different days, 


have been counted as one experiment, since the results always agreed 
closely except for a gradual decrease in absolute activity with age. Om the 
other hand, especially with regard to their sensitivity to atabrine, different 
blood samples varied. The column headed “Final” in Table I refers to 
the rate 40 to 90 minutes after addition of substrate to depleted cells 
By this time the cells to which glucose had been added had achiewed their 
maximum, relatively constant rate of O, uptake. 
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With all substrates the rate during the first 15 minutes was less than the 
final rate. However, the difference was conspicuously greater for glucose 
than for the other ounce. with the exception of ATP,’ with which the 
delayed increase in O, uptake probably was associated with the imperme. 
ability of the cells to the ATP itself.2 Pyruvate also gave evidence of g 
slight incubation period during this interval. On the basis of the more 
reliable data for the second 15 minute period it is clear that only in the 
ease of glucose is there a pronounced induction period. The final rate 
with each substrate was only 50 to 60 per cent of that obtained when the 
substrate was added initially, without depletion, indicating that inaddi- 


tion to the reversible inhibition chiefly of glucose oxidation, some irrever-. 


sible damage affecting the behavior of the parasites toward all substrates 
had taken place during the substrate depletion period. The duration of 
the induction period on addition of glucose and the extent of final recovery 
varied with the length of the initial substrate-free period. The shorter 
this period, the shorter the subsequent induction period and the greater 
the extent of recovery. 

The induction period could be shortened considerably if there was 
added during the depletion stage, or together with the glucose after de- 
pletion, any one of the following: fumarate, succinate, adenylic acid, or 
ATP (Table IT). The four substances were approximately equally effec- 
tive if present during the depletion. period. In the ease of addition simul- 
taneously with glucose, the rate was at once increased by succinate, fuma- 
rate, or adenylic acid, but less rapidly by ATP, an effect again occasioned 
probably by the impermeability of the cells to ATP. The increased 


rate of O, uptake during the first ha’! hour was greater than could be 


accounted for by a mere summation of the two rates; 7.e., for glucose and 
the second substance. The final rate with succinate or fumarate was Sig- 
nificantly greater than the control, and only slightly greater with adenylic 
acid or ATP, as might have been anticipated from the fact that the first 
two have been observed generally to exert an additive action when used 
with glucose, while the latter two have not (1). 

Atabrine Inhibition after Substrate Exhaustion—When (initial 
concentration 0.0001 m) was present during the depletion period, or evel 
if it was added with the substrate, the recovery of oxygen uptake with 
glucose usually was inhibited 80 to 90 per cent. This was in marked con- 
trast to the 20 per cent inhibition observed with this concentration d 
atabrine when glucose was used with non-depleted parasites (1). The 
average inhibition with substrate-exhausted parasites from twenty-five 

' Adenylie acid, added as such or furnished through hydrolysis of added ATP, 
possibly accelerated oxidation of an intracellular substrate (1). 

?'This is discussed later. 
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blood samples was 80 per cent. With the majority, twemtweome. the im 
hibition varied between 78 and 95 per cent, three ext Peeve 
four showed an average inhibition of only 55 per cent (50 to TO per eemt 
A few experiments (Table III) were performed in which the total atabeime 


concentration was varied. These indicated that there was a rather abewpt 


average SO per cent; 


Tasie Il 


Fumarate, Adenylic Acid, and Adenosine 7 
on Duration of Incubation Period 


uccinate, phosphate (ATIF 


Effect of 8 


All rates are given as per cent of the rate with thie be 
depletion. 


Present during depletion with cone 

& After add 2 

| SIMI EL ai 

M 
Succinate 0 S 64 si on 
0.008 | | 32 | 56) SS 
Fumarate 0 7 | 62 5 
acid-treatedt 0 | 8/61 
0. 13 is 

0.00024, 26 | 51 | 31368 8 
Yeast adenylic acid 0 7166; 2 hb 
| | 18! 73 1S 


0. 


" From the sum of the control value aad the value given for the particular «uh 
strate in Table I. 


t Heated 10 minutes at 100° i inN HCl. 


change in inhibition with increase in concentration, the coneentration at 


which this change occurred varying with different preparations. 


The cause of this difference in sensitivity in parasites from certain blood 
samples is not known. It may be that the inhibition depends not upon 
the total atabrine added, but rather on the actual concentration im the 
parasites, and that this in turn varies with the free atabrine coneentration. 


The latter quantity was estimated by analysis (10) of the supernatant 
With a 
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total atabrine concentration of | X 107‘, there was found in one experi- 


ment a free atabrine concentration of 0.05 & 10-4 mM and in a second 0.5 


x A total atabrine concentration of 3 10 gave a free 
atabrine concentration of 0.4 X 10-4 mM in both instances. With nuclej 
from normal blood, prepared in the same way as the parasite-nuclei mix- 
ture, 10-* mM atabrine added gave a free concentration of 0.16. 107‘ 
These results indicate that the free atabrine was decidedly lower than the 
total. A large portion of the atabrine is removable by the nuclei, and 
may be unavailable for the parasites. It is conceivable that there might 
be variation in the amount of atabrine bound by the nuclei, and, since this 
is so large a proportion of the total, small variations might lead to greater 
variations in free atabrine and hence in the effectiveness resulting from 
any particular initial concentration. Whether there would be better 


TABLE III 


Relation between Concentration of Atabrine and Ade nylic Acid and Inhibition of Glesoes 
Oxidation in Substrate-Depleted Parasites 


Atabrine 
0. 9.00003 M | 0.0001 0003 x 
Adenylic acid 
0 | | 0.00012 (0.00024 0.00012 | 0.00024 
Per cent inhibition 

| S9 31 

10 79 | 79 | 


quantitative correlation between the deere’ of inhibition and the free 
atabrine concentration is not known. 

It can be seen from the data in the last column of Table I that the 
atabrine inhibition of oxygen uptake by substrate-depleted cells 1s very 
much more marked with glucose than with any other substrate. When, 
in place of glucose, there was added after depletion lactate or fumarate, 
the inhibition by atabrine was no greater than when these substrates were 


used with non-depleted cells (1). With succinate there was a somewhat | 


greater inhibition, but the absolute rates with this substrate were almost 
unreliably low under the new conditions. Pyruvate oxidation by the de- 
pleted cells also showed an increased sensitivity t6 atabrine. However, 
the magnitude of this sensitivity has not been thoroughly explored. The 
results were more variable than with glucose, and in no case was the final 
inhibition as great. 
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It must be emphasized that the atabrine “block” was observed only with 
separated parasites. When parasitized red blood cells were washed several 
times with glucose-free buffer and resuspended in buffer, their oxw@en 
uptake was reduced to about 25 per cent of the rate with glucose and this 
rate declined only slowly during the course of 3 to 4 howrs, in comtrast te 
the rapid decline of the rate with washed, substrate-free parasites to nearly 
zero in about 100 minutes. Since it was impracticable here te oftam 


Taste lV 


Antagonism by Various Substances; (flucose Oridation in Subeotrate the pleted Paras 


l’er cent by w atu 


Time of No. of ex 
addition periments 
( 
min. 
ATP,* 0.00024 M 0 | SS (75 
100 5 SS | 
Adenylic acid, 0.00024 7 a5 (70-02 3 
| 0) 3 “) 
Fumarate, 0.008 m | 2 S4 (80. 
Yeast adenylic acid, 0.00024 | 
100 2 72 (56, TO (Gt, 
Crude DPN,t 160 y per mil. 0 79 
Same, autoclaved 0 
ATP, 0.00024 | 0 LS 
Same, acid-treatedt | 0 | ! ss 


* Adenosine triphosphate. 
tSee the text. 
Heated 10 minutes, n HCI, 100°. 


substrate-depleted parasitized red cells, glucose was added after a 3) how 
period, when the rate was still 15 per cent of the control, whereupon the 


0, uptake at once increased and reached its maximum walee with oalw a 
slight induction period. Under the conditions, the recowery wae hardh 


significantly more sensitive to atabrine than was the normal oxygen uptake 

Reversal of Atabrine ‘‘Block” by Adenylic Acid—The effeet of atalwine 
upon glucose utilization in parasitic cells initially subetrate-depleted eas 
be partially or completely prevented by the addition of adenylie acid o« 


ATP (Table IV). There is some variation in the extent of the reweral, 
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but in only two of the eighteen blood samples tested was the inhibitiop 
not significantly decreased by the one or the other. Variation in response 
to any fixed concentrations of inhibitor and antagonist would be antie- 
pated from the variations in atabrine sensitivity and the dependence of the 
degree of reversibility upon both atabrine and adenylic acid concentration 


TABLE V 

Comparison of Effect of Adenylic Acid and Fumarate on Atabrine Inhibition in 

Substrate-Depleted Parasites | 

The rates, except for the values in parentheses, are those attained 60 to 120 min. 
utes after addition of the indicated substances to substrate-depleted cells, at which 
time those to which glucose alone had been added had reached their maximum rate of 
(), uptake. In the last two experiments fumarate and adenylie acid, when present, 
were added at the start of the depletion period and the values in parentheses are the 
rates of oxygen uptake during that period, before addition of glucose. All rates are 
given in terms of microliters of O, per 15 minutes. 


Atabrine 
Experi- rate | | 
ment No.| with 
glucose* Adeeglt Glucose added from side arm 
9 acid added 
170m from side No other | With With 
swicroli- 
ters O2 per 
15 min. | 
30.4 Final rate 5.0 3.8 | 4.3 3.6 117.8) 3.023.0 6.6,18.0:13.2 
% inhibition yo 16 «183 71 26 
42 28.3 Final rate 5.5 17.4: 2.619.0) 5.8118.711.3 
% inhibition 70 40 
Fumarate Adenylic 
added with ‘acid added with 
parasites parasites 
38 28.3 | Final rate (8.9) (7.7) (6.5), (5.7)!19.6) 2.3:26.616. 1/22. 7114.4 
| % inhibition (14) (12) 88 40 36 
60 24.8 Final rate (5.2), (4.5) (6.0)! (5.8))12.4) 2.1,19.6) 6.6)13.6) 9.2 | 
% inhibition (12) (3) 83 66 32 


* Glucose added before substrate depletion. 


(Table ITI). 


frequent reversal by succinate and fumarate. When comparisons were 


made between adenylic acid and succinate or fumarate with the same pars 
sites, the atabrine antagofism usually was decidedly more marked with 
\ne former (Table V), although in a few experiments fumarate appeared 
to bring about as good reversal of the inhibition as did adenylic acid 
(Table V, Experiment 38). From these results it might be supposed that 


The averaged results given in Table IV indicate also a fairly 
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anv substance capable of producing an increased oxygen consumption 
could in a non-specific way lead to decreased cell damage and consequently 
decreased atabrine sensitivity. However, this probably is mot the chee 
explanation. The most efficient agents, adenylic acid and ATP, do not 
appear to prevent cell damage, as reflected by the extent of reeovery of the 
rate of oxygen uptake (Table II). Also they are effective whether added 
before or after substrate depletion, whereas protection by succinate and 
fumarate is observed only when these substances are present throughout the 
experiment. ‘lhe decrease in atabrine sensitivity under the hatter come 

tions may be related to frequent observations (11-13) that the oxiceteor 
of numerous substrates is associated with phosphorylation amd would tend 
to maintain a high concentration of ATP 

~ In view of the rather unexpected increase in O, uptake observed wpom the 
addition of adenylic acid or ATP alone to substrate-free parasites (1), it 
seemed necessary to find some evidence that the effeets of these compouneds 
were not to be attmbuted to some impurity. Therefore four different 
preparations of adenylic acid were tested simultaneously. Two were 
prepared in this laboratory from two different ATP preparatrons, ome of 
these being recrystallized once and the other six times. ‘The other samuples 
of muscle adenylic acid were obtained from Dr. Mary V. Buell. They hed 
been isolated from heart muscle at different times (14). Idemtieal result. 
with respect to (a) rate of oxygen uptake in the absence of subetrate, (4 

shortening of the incubation period, and (¢) antagoniem of atabeime actrees 
were obtained with all preparations upon three different parasite prepare 
tions from two different blood samples. Furthermore all of these effeets 
of adenylic acid were abolished by 10 minutes hydrolysis of this nucleotide 
with n HCl at 100°, a treatment known to destroy the adenine-pentoside 
linkage (Tables I] and IV). 

Various other substances were tested for their effect upon glucose oxida 
tion. The following had no influence at all upon the rate during the de 
pletion period, the length of the induction period, or the inhibition by ats 
brine: adenine 0.0013 M, spermine or spermidine 0.0004 m, pyridexime ©.17 
mg. per ml., a mixture of flavin mono- and dinucleotides 1.7 y per ml, 
cocarboxylase, and a mixture containing adenine, guanine, uracil, samthone, 
thiamine, nicotinamide, nicotinic acid, p-aminobenzeoie acid, pyridoxine, 
pantothenate, riboflavin, choline, and ribose. Yeast adenylic acid (adem 
sine-3-phosphate) also was without effect. The crude DPN preparation 
proved capable of antagonizing atabrine; however, this effeet was unaltered 
by autoclaving at 120°, and thus could not have been attributable to DPN 
itself, 


See Discussion.”’ 
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Action of Various Agents; Adenylic Acid As Antagonist (Table VI)\—A 
few other agents were tested for their effect on the recovery of substrate. 
depleted cells and several,.like atabrine, markedly inhibited this process 
in a concentration that was only slightly or not at all inhibitory with cells 


TaBie VI 
Inhibition of Recovery of Oxygen in Substrate-Depleted Cells by arious Agents 


tains "Glucose added after substrate depletion 
added before 
Inhibitor (ist column) Atabrine 
Inhihition Inhibition 
_| per cent, per cent “oe per cent per ceni M cea cont ber cent 
Quinine 15 | 25 | 0.0003 | 86 |- 46° 10.0001: | 88 | 3 
Plasmochin 0.0003 82 28 | 0.0003 | 82 77 
4 90 0.0001 SS 33 
0.00003 | 88 0.00003 | 82 
SN6911* 0.0001: 81 0 0.0001 15 
SN10,447t 0.0001 90 0 |.0.0001 
—20 |: 16 0.0003 0 .Q0001 39 
Sulfanilamide £0.01 0.0001 $6 8 
Sulfathiazole 10.0001 | 88 | 9 
ij ‘0.0058 | 22 | 0.0001 85° | 15 
Auramine 0.0002 | 79 45 | 0.0001 49 
SN12,710-6029T —10 6. 0.0001 49 
SN11,5278 | 0.001 5 0 | 0.0001 71 37 


* The Survey number, designated SN, identifies adrugin the records of the Survey 
of Antimalarial Drugs. The sidivasinrinl activities of those compounds to which. 


Survey numbers have been assigned will be tabulated in a forthcoming monograph. 
SN6911 refers to 3-methyl- 4- (4- diethylamino-1 ‘methylbutylamino)-7-chloroguinoline 
diphosphate, 
t 4-(4- Diethylamino- dimethylquinoline diphosphate. 
 Prenconrprtecait (Hellerman, L., and Porter, C. C., to be published). | 


man, L., and Porter, C. C., to be published). 


neues deprived of glucose. T hese included quinine, plasmochin, auramine, 


“novalauramine,”’ and several others.‘ Sulfathiazole showed a slight 
inhibition only in very high concentrations (0.01 mM). Sulfanilamide, 6- 
methoxyquinoline, and the complex amino acid, SN11,527, had no effect 


(Table VI). In view of the VREESOENSY, noted in atabrine sensitivity, the 


‘Struc tare nin Table VI. 
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effect of each compound was compared with that of atabrine upon the «ame 
ites. 

Oxygen Uptake in Relation to Glucose Disappocarance 
significance of the oxygen uptake measurements, glucose disappearance 
was measured simultaneously in a few experiments. The results of the 
glucose analyses were in agreement with the oxygen uptake measurement« 
(Table VII). 

Atabrine and Adenylic Acid with Non-Depleted Cells 
effect of adenylic acid or ATP on substrate-depleted cells ix their com 


As a cheek om the 


In comtrast te the 


TABLE VII 


Glucose Utilization in Substrate-De pleted Cella 


| | Glucose consumed 
| | Initial 
is | Plus atabrine, Plus stebrine 
Antagonist | glucose | | 0.0001 
| 
Inhibi- | 
tion 
| Y per mactolilers per comes 
54* 210 166 ig@ 25 
Adenylic acid, 210 | 168 | 168 | @ 19.6 46 5 
0.00024 | | 
404 | 248 | 33 | 26 
Fumarate, 0.008 404 338 | 30 5.5 
Adenylic acid, 404 | 358 | 195 | W060 
0.00024 M 


* Adenylic acid and atabrine were both added from the side arm with the glace 

100 minutes after placing the parasites in the bath. The maximum rates were the 
rates 30 to 60 minutes after mixing, since thereafter they deelined, probably due t 
lack of substrate. The flask contents were removed for analysis 100 minutes after 
mixing. 
_ f Adenylic acid, fumarate, and atabrine were added to the parasites ieumedietely 
before they were placed in the 37° water bath. 100 minutes later the glucose wee 
added. The maximum rate was the rate 45 to 100 minutes later. The feck content. 
were removed for analysis 100 minutes after the addition of glacese. 


plete lack of effect on the atabrine inhibition of the oxygen uptake of eefls 
never deprived of glucose (Table VIII). 

_ Phosphate Distribution—In view of the apparently «peeifie setion of 
adenylic acid in antagonizing the action of atabrine and certain other com 
pounds in substrate-depleted cells, it seemed of interest to attempt te fol 
low alterations in the constituent phosphate compounds under warheu 
conditions. Owing to the low total phosphate concentration of the rene 
tion mixtures and to the limited amount of blood 


. fractionation and identification of the phosphate compounds present were 


| 
| 
per cent 
34 
37 
33 | 
15 | 
35 
| 
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not possible. Only changes in inorganic, labile, and total phosphate were 
followed and, since the latter two in volve the difference between two analy- 
ses, the resulta are probably not accurate to more than +0.5 y of P. The 
changes observed in the P fractions under different conditions were, how- 
ever, qualitatively quite consistent and aré therefore significant, especially 
since nuclei from normal red blood cells contained no acid-soluble orgie 
P and only traces of inorganic P under any conditions. 


The results of a few typical experiments are given in Table IX. eee: 


ments 45 and 48 illustrate the changes in P distribution observed when 
trichloroacetic acid filtrates of the entire reaction mixtures were analyzed, 
As is seen in Experiment 45, C and G, there was eure significant change in 


P distribution during 100 minutes incubation at 37° with glucose, except for 


a slight i increase in inorganic and total acid-soluble P. However, when the 


Effect of Adenylic Acid or Adenosine Triphosphate (ATP) on Atabrine Inhibition of 


Oxygen Uptake in Glucose-Saturated Parasites 


Rate of Oc uptake per 15 min. 


Atabrine 


Experiment No. ‘No atabrine 
Glucose plus Glucose plus 
Glucose adenylic acid or ATP Glucose adenylic acid or ATP 
Mic rolit ilers microliters microliters microliters 
32.9 32.1 13.6 13.7 
5OF 30.4 30.8 19.9 20.7 


* Aiabrine, 0.0005 M; ATP, 0.00024 M. 
* Atabrine, 0.0003 mM; adenylic acid, 0.00024 M. 


cells were incubated without glucose, there was, as might have been an- 
ticipated, a large increase in inorganic P and a decrease in both organic and 
labile P. There was also an increase in total acid-soluble phosphate, owing 
possibly in part to increased cellular disintegration under these unfavor- 
able conditions. When glucose was added to such substrate-depleted 
cells, and the mixture incubated for 90 minutes more, there was no further 
increase in total acid-soluble P, a small increase in organic, a decrease in 
inorganic, and an increase in labile P to close to the value found with cells 
incubated with glucose without initial depletion. Addition of atabrine 


to cells during the first 100 minutes incubation either with or without glu- 
cose caused no significant changes in P distribution, as compared to the 
corresponding controls, except for the increase in labile P found in the 
glucose-atabrine-treated cells. 

In Experiments 56 and 58 cells and supernatants were analyzed sep- 
arately. The results for both factions are given as micrograms per ml. of 
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the original reaction mixtures, since the small cell volume was net aeewr 
ately measured. The figures are therefore proportional to the relative 


-gmounts rather than to the concentrations in cells and supernatant. For 


the cells, the changes in organic, inorganic, and labile P under different com 
ditions were similar to those already noted in analyses of w hole mixtures 


Tasie IX 


Phosphate Fractions in Parasite Reaction Mirtures 


Phosphate per ml. reaction mixture 
Experi- | Type of | TEED 
ment No. Total Inorganic | gank 

7.3 2.1 5.2 
8.4 3.3 5.1 
BD 10.8 7.8 | 3.0 

12.4 4.0 | | 
AG. 13.4 1.6 
16.5 10.8 | 5.7 1.5 
AB 17.5 11.5 6.0 1.6 
BG 15.8 8.6 4.2 | 3.0 

Cetls | Superna- Ces | Superna- | Cony | | Com, | Supers 

56 3 $8.5} 3.3 68 | 09 | 2.0] O 
B 11.6] 6.7 5.6 1.0 6.0 | 2.7 | 1.8 1 @ 
BG 10.6 8.5 3.3 5.9 7.3 26 | 2.3 0 
1 8.91 10.1 | 6.7 | 1 be 

58 G 8.0 1/15/28 | 65 |] 2.3 | 2.4 
B 92} 68 | 5.6 | 46 | 36] 2.2 | 10] @ 
BG 8.7 8.1 2.9 ae oe | 3.0 | 2.7 0 
ABG-2/ 7.9 | 43 | 59 | 50] 20 | 2.8 | 


*C, freshly prepared parasites diluted with egg albumin-chloride buffer ae fer 
0, uptake measurements. In other experiments the parasites were shaken in War 
burg vessels at 37° with addifions and times as follows: B, no substrate, 100 minutes: 
G, glucose 0.006 m, 100 minutes; BG, no substrate, 100 minutes, then glueese, &© 
minutes; AG, glucose 0.006 m plus atabrine 0.0005 w, 100 Minutes; AB, atabrine 
0.0001 Mm, no substrate, 100 minutes; ABG-1, no substrate, 100 minutes, them gclocose 
0.006 wm plus atabrine 0.0001 mM, 90 minutes, 80 per cent inhibition of final rate AMG 2 
no substrate, 100 minutes, then glucose 0.006 m plus atabrine 0.000075 w, 90 minutes, 
45 per cent inhibition of final rate. 


The changes in the supernatant fractions were less characteristic. In 
general the total extracellular P increased as the total incubation time was 
prolonged, and under all conditions the inorganic P comprised 60 to 70 per 
cent of the total extracellular P. However, it is noteworthy that although 
some organic P was always found in the supernatant, labile P was never 
present. 
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As mentioned above, identification of the P compounds in the parg. 
sites under different conditions was not possible. However, attempts wer | 
made to identify some of the P fractions in parasites freshly pr epared from 
30 to 40 ml. of parasitized blood. The centrifuged parasites were eX. 
traeted once with 10 per cent trichloroacetic acid and then the barium 
salts were precipitated from the extract at pH 8.2 by addition of barium 
acetate and alcohol. The precipitate was dissolved in dilute acid and the 
water-insoluble salts precipitated at pH 8.2. Both the soluble and ‘in 


X 
Analysis of Water-Insoluble Barium Salis in Trichlorvacetic Acid Extract of Parasites | 


Experiment I Experiment II 

Total volume of blood sample, ml........... 44 30 
Parasite count, X per ml................ 12.5 11.5 

Rates of O, upteke with glucose, microliters 

O, per 15 min. per 0.6 ml. parasites... 29.1 

Calculated 
for adenosine 
triphosphate 
Organic P 
> 

Pentose 
Pentose 2 
Labile P in original extract, micromoles...... 17.4 11.8 se 
Recovery in this fraction, %............... ie 48 Bd 


soluble fractions were nearly completely consumed by analyses for inor | , 
ganic, labile, and total P, and pentose (15), fructose (16), nitrogen, and} , 
free reducing sugar (Umbreit (9) p. 103). Therefore no further purificea | 
tion of either fraction was possible. No conclusions could be drawn from | 
the analyses of the water-soluble barium salts, but analysis of the insoluble | r 

t 


fraction suggested that it consisted largely of inorganic P and adenosine _ 
triphosphate. The latter represented about 50 per cent tof the labile p 
present in the original acid extract (Table : 3 i 


“DISCUSSION 


A tentative explanation of the results may be offered if it is assumed that 
the carbohydrate metabolism of Plasmodium lophurac is similar to that o 
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certain other cells; ¢.g., mammalian tissue cells. This receives 
general support from the work of Speck and Evans (17), who showed that 
various enzymes with function similar to those involved in the earbe 
hydrate metabolism of tissue cells can be extracted from Plasmodium 
gallinace um, parasites. Glucose is the only substrate whose utilization 
appears markedly to be delayed after substrate depletion. Sinee, more 
over, its oxidation can be initiated more rapidly if ATP or adenyvlie acid i 
added, it seems probable that the induction period is to be attributed te 
the requirement for phosphorylation of glucose before the latter eam be 
utilized. This process occurs rapidlv only with adequate ATP or when 
some coupled oxidation is taking place. In the fermentation of ghacose by 
yeast extracts, it is known that a similar induction period can be decreased 
by small amounts of hexose diphosphate (18) which evidently initiates the 
oxidation-phosphorylation evcle. We have found | .6-diphosphofructose 
to be without effect on the parasites, owing probably to their impermeahil- 
ity to this substance. Cellular impermeability to ATP may aecount alse 
for the greater effectiveness of adenvlic acid in shortening the induction 
period under certain conditions (Table 11). The phosphate analysi« of 
cells and supernatants indicates that no labile phosphate can escape from 
the cells, although there was escape of some stable organie P; presumably 
added ATP must have undergone preliminary hydrolysis in the reaetion 
mixtures. The shortening of the induction period by succinate and fumea- 
rate may be assignable to an increased rate of formation of ATP from aden- 
vie acid in the cells; in mammalian tissue their oxidation is accompanied 
by phosphorylation (11-13). 

If the above explanation of the induction period is correct, atabrine must 
interfere with some phosphorylation reaction. The antagonism to the 
effect of atabrine exhibited by adenvlic acid and ATP suggests that atabrine 


may compete with one or both for some enzyme. In cells already metal- 


dlizig ghicose the relatively lower degree of inhibition bw atabrine i« net 


affected by an increased adenylie acid concentration. In such cells the 
adenvlic acid presumably is kept chiefly in the form of ATP during the 
continuous oxidation of glucose. Under these conditions adenvlie acid 
would not escape, and a high concentration of ATP would be maintained 
thus any competitive effect of atabrine would be negligible. In parasitized 
red blood cel's incubated for 3 to 4 hours without substrate the absence 
of an induction period and of significant inhibition by atabrine of the oxida 
tion of glucose may also be attributable to conservation of ATP accompany 
ing their low but continuous rate of oxygen utilization. A similar effeet 
may account for the occasional prevention by fumarate of atabrine inhib. 
tion in separated parasites deprived of glucose 

Interference by atabrine with a phosphorviation would be net ime 
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sistent with the results of Speck and Evans (17) relative to the sensitivity 
to atabrine of various enzymes in Plasmodium gallinaceum. These authors 
found that hexokinase, which catalyzes the phosphorylation of glucose by 
ATP, was more strongly inhibited by atabrine than were any of the other 
identifiable enzymes of carbohydrate metabolism. © There was no evidence 
as to the effect of excess ATP in relation to the inhibition. 


Whether the kind of inhibition by atabrine described in this paper is at - 


all associated with its 7m vivo activity is not certain. Against such a hy- 
pothesis is the observation that the inhibition has been observed to occur 
only in ervthrocyte-free parasites deprived of glucose. The phenomenon 
may not be related to the inhibition of “normal” respiration ; 7.¢., in non- 
depleted cells, where adenvlic acid has appeared to be devoid of any effect 
(Table VIII). 

Qn the other hand it is possible that even in the presence of ghaucose 
wtabrine may cause interierence with some phosphorylation reaction essen- 
tial to the life or reproduction of the cell. Such a phosphorylation would 
not necessarily be rate-limiting with respect to respiration. The inhibition 
of normal respiration by atabrine might then be attributable to some other 
revetion. The assumption, admittedly hypothetical, that the mode of 
action of an agent on anv one organism may not be always the same 
when conditions are varied, is in accord with observations of the sensitivity 
of a wide variety of enzymes to the action of atabrine and other anti- 


malarial drugs (17, 19-21).° 
SUMMARY 


1. When glucose is added to erythrocyte-tree Plasmodium lophurae 
parasites that initially have been washed free from glucose and incubated 
100 minutes at 37° in the absence of substrate. oxvgen uptake is resumed 
only slowly. The induction period is decidedly less marked with the other 
substrates, lactate, pyruvate, succinate, and fumarate. The recovery of 
oxygen uptake by such cells on addition of glucose is inhibited usually 
75 to 90 per cent by atabrine initially 0.0001 M, a concentration that causes 
only a 20 per cent reduction in rate of oxvgen uptake by cells that have 
not been first deprived of glucose. This marked inhibition is not observed 
with substates other than glucose. An effect similar to that of atabrine 
ix observed with quinine, plasmochin, and other related drugs; not with 
sulfanilamide, sulfathiazole, or 6-methoxyquinoline. 

2. The atabrine inhibition of oxygen uptake bv substrate-depleted cells 
ean be prevented partly or completely by adenylie acid or adenosine tr- 


phosphate. 


lnpublished results of the authors. 
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| 
itivity | 3 Determination of ghicose utilization by analysis tor 
thors | confirms the above results obtained by measurements of the rate of ox wwen 
bse-by uptake. 
other 4. Analysis for changes in total, labile, and inorganic phosphorus. of pars 
idence site reaction mixtures under Various conditions indicates that 
incubation in buffer, without substrate, leads to an inerease in inorganic and 
a hy- phorus. On subsequent addition of glucose the changes in ormgenie, i 
occur organic, and labile P are partially reversed, unless atabrine ix peesemt i 
ee eoncentration sufficient to prevent oxvgen uptake Separate analver of 
1 cells and supernatant indicates that, although some organic 


effect appears in the supernatant, no labile phosphorus is ever present outeide the 
cell. 
Ucose | 5. It is concluded that the induction period in the oxidation of elaecse be 


mies substrate-depleted cells is attmbutable to the necessity lor phosphorwlet bom 
would of glucose before this substrate can be utilized, and that atabrine interferes 
bition with this phosphorylation, possibly hy competition with adenwvlic acne 
other adenosine triphosphate, or both. 
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FLAVOENZYME CATALYSIS 
INHIBITION OF d-AMINO ACID OXIDASE BY COMPETITION Wrrtt 
FLAVIN-ADENINE-DINUCLEOTIDE OF ATABRINE (QUINACRINE 
QUININE, AND CERTAIN OTHER COMPOUNDs* 


By LESLIE HELLERMAN, ANN LINDSAY, aw» MARIANNA BR BOVARNIOR 


‘From the Department uf Phystological Chemistry, The Johns U 
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Previous studies in this laboratory on the catalysis by the flawoenazvene, 
d-amino acid oxidase, have been concerned with the specifieity of the em 
zymet and with an inhibition of its activity by a group of compowneds! the 
members of which act apparently to affect the orientation of the sub«trate 
to the complete enzyme. In the latter investigation it was found that the 
characteristics of the competition displaved by the benzoate bom (1) wath 
respect to the substrate are exhibited in some degree by a large nunher of 
compounds incorporating the conjugate svstem* 


The phenomena relating to inhibitions of biocatalytic «ystems, amd per 
ticularly the reversible actions thereupon, are of manifest current interme 
with respect to the mode of action of certain compounds. le addities 
there recently has been considerable interest in the antagoniem te the aeties 
of some chemotherapeutic agents that is exhibited by certain growth factors 
of similar structure. It seemed possible that the aetion of certam amt) 
malarial drugs upon malarial parasites might alse be related te seqne «meh 
competitive effect. Tothis problem an approach may be made with reeneet 


* The work described in this paper was done under comtemet 
Committee on Medical Research, between the Offiee of Sehewtite 
velopment and The Johns Hopkins Universit, 

The investigation was supported in part by an the 
Foundation Fluid Researeh Fund. 

Hellerman, Lindsay, A., Weisiger, J. R., anel 

*Hellerman, L., Lindsay, A., unpublished data 

would appear that the presence of this configuration element 
structure of the inhibitor predisposes the latter for 
acteristic acceptor group or groupings of the complete 
the substrate (see foot-note 2). 
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tothe potential interference of varrous substances in the metabolic processes 
living or “surviving” cells (2, 3) as well as to reversible or irreversible 
actions upon isolated enzymes. Our work with parasitic cells has beep 
paralleled with studies of various enzymes including catalase, lipase, and 
several flavoenzymes, especially d-amino acid oxidase, an avatlable, rela. 
tively stable representative of the flavoproteins capable of dissociation, 
Meanwhile, the observations of Wright and Sabie on the lowering of ay 
atabrine inhibition of tissue respiration and of d-amino acid oxidase activity 
by flavin-adenine-dinucleotide (4) and the similar finding of Haas (5) with 
respect to cytochrome reductase of veast conveyed suggestions that ata- 
brine might be capable of competition in rive for one or more essential 
proteins with flavin nucleotides, which are combined forms of the vitamin 
riboflavin. In this paper is described an investigation of d-amuino acid 
oxidase in a quantitative study of the effect of atabrine and quinine and a 
more or less qualitative comparison of the action of related compounds, 
Our results do not uphold a hypothesis of a specific antagonism between 
atabrine and FAD, comparable to the sulfonamide-p-aminobenzoate rela- 
tionship (6,7). They indicate rather that atabrine, quinine, and the sulfon- 
amides all belong to a class of compounds capable of combination with 
proteins. This combination may, with certain enzymes, result in conpeti- 
tion for the prosthetic group, but such competition cannot be attributed 
to a close structural similarity between inhibitor and prosthetic group. 
Moreover the extent of inhibition by these compounds cannot always be 
interpreted on the assumption of a completely reversible combination. 


Methods 


d-Amino acid oxidase. was prepared from lamb kidneys and separated | 


from the prosthetic group, as described by Warburg and Christian (8). 
The precipitate obtained after treatment with acid ammonium sulfate was 
dissolved in water and a little gi cme 0.2 Mm, pH 38.3, and used 
without further purification. 

lavin-adenine-dinucleotide (FAD) was prepared according to Warburg 
and Christian (8). Its purity was .determined spectrographically by com- 
parison. with riboflavin. The first preparation was found to be 52 per cent 
pure, and the second 100 per cent. The latter was used in most of the 
experiments. 

For measurement of enzymatic activ itv the rate of OQ. uptake with ¢ 
alanine as substrate was determined by the usual Warburg technique. Ut: 
less otherwise stated each vessel contained in the final reaction mixtu'e0.05 
vu dl-alanine’ and 0.0625 m pyrophosphate, pH 8.2, in a total volume o 


‘In this reaction mixture, the f-alanine neither nets as a substrate nor interteres 
with the functioning of the d-amino acid oxidase. ae 
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289ml. The enzyme, 0.3 to mil., was thee 
enzyme solution had been added crystalline 
cient to prevent the appearance of any hydrogen 
and FAD were added in the main te gree the 
concentration. Solutions of all acid or alkaline ames 
to pH 8.2 before use, except quinine 
not remain wn solution at 8.2 in the comeent fee Che 


solution; it was adjusted to pH. 6, tn the final ret 


eanditions used, remained in solution and did mot alter the pbl of Chee 
action mixtures. For initial experiments the Py core oe 
and the gas phase, air. Later experiments were comdueted at 4 es 


gen was the gas phase for quantitative experiments, while en served fe 
qualitative purposes. 
equilibration, after which the side arm content= were added. amd pewedin 
taken at 5 minute intervals, starting 5 minutes after sorsomg Phe 
of O2 uptake was linear for 30 to 40 minutes and, with exces. FADE woe 
directly proportional to the enzyme concentration for rates hee Chem 
microliters of O. per 20 minutes. 


The vessels were shaken 10 few 


rere 


An enzyme concent woe 
selected that would give a maximum velocity between GO amd DEO pnere 
liters of O2 per 20 minutes. 

For the determination of the dissociation Constant of 
or atabrine compound, the rate with five to six comecetit 
FAD alone and in the presence of one concentration of mnibubater woes mee 
ured. Higher concentrations of FAD were used with onhabiter tham wrth 
controls, selected so that all rates would be readily measturable amd weoeld 
range between 20 and 80 per cent of the maximum 
to test in this manner more than two concentrations of om ches 
therefore, in a few experiments several concentrations of inhibites 
tested with only one intermediate FAD concentration 
ments performed on the same dav checked within 5 per cent. bet 


verre 


eu peri 


solutions sufficiently dilute to give the desired maximum rate at 37) woh 
QO, as gas phase showed a small but significant loss in aetivity after 


hours storage at 0°. This is in contrast to the more concentrated (x Te 
4) solutions used at 30°, with air as gas phase, required toe atten the nm 
rate. ~The latter solutions were completely stable fer nearly a week at 0 


Results 
It was found that atabrine strongly inhibited ¢d-amine acid oxidase when 
the concentration of FAD was low. but had little effeet im the presence ent 
high concentrations.© Similar obtained with 


results were 


The results ot it few irre’ wre 


Compare similar observations of Wright and Sabine (4 
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shown in Table I. Also included for comparison are data for three othe; 
inhibitors, benzoic acid, p-aminobenzoic acid, and 3-diethvlamino-7-di-n. 
butvlamino-!-methvlpbenazthionium chloride® the aetions of which are 


Kffect of Concentration of Flavin-Adenine-Dinucleotide (FAD) on Inhibition of 
Amino Acid Oridase by Atabrine and Related Compounds — 


Tempera- 


FAD added Control rate Inhibitar Inhibition cae 

| v percent 
23 Atabrine 0.001 SO 30 
$.] 99 | 

11.0 150 | { 

0.4 35 “ 0.001 
2.9 O6 3 

144 | 

2.9 113 2s 

24.0 17% 

0.4 0.008 72 37 
2.9 }13 44 

0.4 43 Plasmoehin: 0.003 37 
2.9 113 30 

27.5 179 5 

| 28 Salfanilamide 0.0} 30 
141 | 2 

0.6 33 — Aniline 0.03 15 30) 
| 21 

10.3 [31 | 0 

0.3 23 Benzo O004 | if) 

0.3 a004 64 30 
6.4 130 58 

0.0 p Aminobenzeie acid 0.003 39 37 
1.1 3h | 

142 | 35 


* phenazthionium chloride  (Heller- 
man. L.. Perter. C. C., and Bovarnick, M. R., unpublished data). The Survey 
number, designated SN, identifies a drug in the records of the Survey of Antimalarial 
Drugs. The antimalarial activities of those compounds to which Survey numbers 
have been assigned will be tabulated in a forthcoming monograph. 


of a different nature. The phenazthionium dye appears to effect an Ir 
reversible inhibition, accompanied by visible precipitation and probably 
denaturation of the protein. Benzoate and p-aminobenzoate indeed 


*Hellerman, L., Porter, C. C., and Bovarnick, M. R., unpublished data. 
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participate In reversible competitive inhibition, but the compet ithe 
the substrate rather than the prosthetic group amd 
affected by FAD. 

Reversible Inhibition by acted 
oxidase 1s susceptible to vet a third kind of reversible pabibatiem. ae fepetied 
by its behavior with p-chloromercuribenzoate ton.’ pet 
p-chloromercuribenzoate solution is added to the split 
before addition of excess Mm) FAD, the activity redeeed te per 
cent of the control rate. If the FAD has been adele. the rate TY 
per cent of the control. If haw feet 
followed after 15 minutes by O.O001 Chem fe PAD 
the rate is per cent of the control, glutathiome 
influence on the rate. The partial protection of the emawmme with reepeet 
to p-chloromercuribenzoate by FAL) added initially of eaten: 
from the effect of FAD in connection with inhibition bw 
etc. In the latter case a high concentration of PAD) peewemte tebiieties 
equally effectively when added betore, alter. cop \ hee: 
as would be anticipated, glutathione ix without cme Che of 
these compounds. It might at first appear thet, 
reversing the action ot p-chloromercuribenzecte 
with the enzvme is reversible, it sMould alec te 
inhibition by p-chloromercuribenzoate. ‘The 
probably resides in a difference in the of 
ribenzoate with enzyme-protem in the presence tte the af F 
FAD combines very rapidly; prolonged he 
activity than is observed inumediately after 
p-chloromercuribenzoate and protein is slower ome. the 
creasing with the time allowed for renetiow bet 
Moreover, the dissociation constant of 
especially at 30°, the reaction temperature, Uh » the peewee of FUP) 
the concentration of free protein ix Chee 
be reflected in a greatly decreased rate of woth pr te 
zoate under the conditions. 

Competitive Inhitition with FAD For further eet of 
tion between prosthetic group une there were cope bepeleed candy 
compounds that showed nearly complete revere! of the 
presence of high concentrations of FAD), reverse! emt 
of the order in which the reactants were mixed. fe: 
the results briefly and in Way that makes 

7On the basis of these tests the separated protein might be fe 


sulfhydry! character (9), but this has mot beeen emt af wet “ere 
results of Singer and Barron (10). 


| 

| 


55S d-\MINO ACID OXIDASE 


TaRLE 


d | Acid Oridase hy ‘om pounds Thai jie filive 
with Flavin-Adenine-Dinucleotide (FAD) 


at 
Inhibiter G at 30 
Range 
O.0003—0.0009 v1 3-10 
(00006-0003 vt 2.0 2- 2 
“\12.710-6029 novalauramine,’’§ 2 3 
00008-00000 x1 
=N7135, 0.001 -0.003 1 
O.001-0.003 0.4 - 0.5 
0.001-0.003 °° —4 0.5 
SN 1706, 0.00083 (approximate 0.07 
sulfathiazole, 0.00038).003 0.2 04 
Sullapyridine, 0.003 M 04 
Sulfadiazine, 0.003 0.015 
Sulfanilamide, 0.0008-0.01 M 0.03- Q.1 
lhenzenesulfonamide, O.003-0.01 0.04 0.02- 0.1 
=\ 11,527, © 0.008-0.01 0.04 
Pyridine, 0.003-4).09 .Q2 0.03 | 007 
dip Dimethylaminophenylaminoacetic G.03 or less 0.007 
O.0084).01 
11,526, <0.08 <0.007 
Uydroxyphenylaminoacetic $s | <0.007 


'Ce/Cy, ratio of concentrations of quinine and inhibitor required to give the 
ame degree of inhibition at any one concentration of FAD. For discussion of the 


reliability of this ratio, see the text. ; 
(Hf, N (*.H, N(CH3)2 


i 
os NH, 
* See the foot-mote to Table | for the meaning of SN. 
+ 


CH;).N=—C =—C- C',H, -N(CH3)2 (p") 


a 


HN (dicitrate) 
Hi 

CH, 

to be described. 

Derivatives of d-aminoquinoline; SN761S methyibutyl 


chlor quinoline (diphosphate) 


to 


note 


COM 
rate 
to tl 
plex: 
Ko/i 
inhil 
cent 


| 


the 
large 
chan 
exhil 
of ink 
Na 
gen ¢ 
d-ami 
With 
than 
The 
sulfac 
listed 


Or 


| 
| 
| + 
+ 


TaBLE ]]l—Concluded 


to be deserrbed. 


| NH 
note 
| CH COO 
HN 
CH, 


t No observable inhibition. 
| $$ See foot-note | 


comparison ot the effectiveness of different all 
compared with quinine as standard. The ratio of the comeentret»em of 
quinine, Cg, to that, C,, of the second inhibitor required to the 
rate with the same total FAD and enzyme concent he 
to the ratio of the dissociation constants of the two 
plexes. With inhibitors more effective than quinine, thee mater 
Ko/K,) 18 greater than 1; with less effective (more eastivy clheecemetec 
| inhibitors it is less than 1. The wide range in some of the com 
centration ratios js not due to inconsistency in the 
With any one enzyme preparation and FAD concentmatvom, (he degree 
inhibition found with each compound Wis re produc thee of 
“the Warburg method (5 per cent). Part of the vartation t at 
the diffeulty in estimation of the appropri ite 
large (8-fold) changes in quinine concentration lead only to relatively eee! 
changes in the amount. of inhibition. addition, mot all of Che 
} exhibit precisely the same relation between rate and relative comeent retin 
of inhibitor and FAD." 
Nature of Competitors. appears thus that a variety of meaty 
gen compounds can combine to some extent with the preterm pert 
d-amino acid oxidase in such a way as to prevent combination of the peeten 
with FAD. The most effective substances in this respect 
than one aromatic ring; e.g., the quinolines, auramines, amd etal 
The ring-substituted sulfonamides, sulfathiazole and sulfapwridine, beet met 
sulfadiazine, are more effective than sulfanilamide. ‘The three comepeeied. 
listed at the bottom of Table I] contain no aromatic nitrogen and eve ee 


‘Compare the quantitative experiments with atabrine amd 


| 
| 
| 
| 
| ‘ 
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evidence of anv inhibition. Slight inhibition was observed with benzene- 
sulfonamide; at the maximum concentration attainable, 0.01 mM, the ip- 
hibitron with low FAD was only approximately 30 per cent, but since this 
was reproducible and reversed by increase in FAD it probably is significant, 
It should be noted that the order of effectiveness of the different inhibitors 
was very nearly the same at 30° and at 37°. The relative concentration 
ratios of the different quinolines and atabrine and of the sulfonamides and 
more weakly associated compounds are also nearly the same. However, at 
30° the difference between quinolines and sulfonamides is much greater 
than at 37°. The change in relative “dissociation constant’’ at the two 
temperatures seems too great to be attributable solely to experimental 
error, and may be related in part to a difference in the heats of dissociation 
of the two sets of compounds. 

Ouantitative Evatuation—--For conclusive demonstration of the existence 
of a reversible competition between prosthetic group and inhibitor, the 


data thus far presented are inadequate, since for this purpose the concen- ’ 


tration of free FAD must be known. This is not even approximately equal 
to the total FAD at the low concentrations, where appreciable inhibition 
mw observed. Its evaluation requires measurement of the rate at a larger 
mumber of FAD concentrations. The first attempts at quantitative evalua- 
tron of inhibitor and FAD dissociation constants were made at 30°.  How- 
ever, at this temperature the FAD was so tightly bound bv the protein 
that the rate appeared to increase linearly with increase in FAD concentra- 
fiom until it reached a value Jess than 15 per cent of the maximum; the 
amount of dissociation for the greater part of the range was apparently 
lower than the limits of experimental error. At 37°, however, the disso- 
clation was readily detectable.” At this temperature there was undertaken 


a more detailed study of the quantitative aspects of inhibition by quinine | 


and by atapbrine. 
For the determination of the dissociation constant of an inhibitor that 


competes with the prosthetic group, account must be taken not only of the 


equilibria between protein and inhibitor and protein and prosthetic group, 
butin addition of the equilibrium between substrate and complete enzyme. 


Phe decrease in the dissociation of FAD with decrease in temperature is further 
‘lustrated by certain experiments that were originally undertaken to determine 
whether reversible dissociation of FAD was characteristic of the complete native 
enzyme, before it had been subjected to the rather drastic treatment with acid am- 
montium sulfate. For this purpose FAD sufficient to give the maximum rate at 30° 
was added to the separated protein and the behavior of this reconstituted enzyme 
compared with that of the original native enzyme. Precipitation with neutral am- 
montium sulfate or 3 day dialysis at pH 7.4, both at 0°, led only to a 10 per cent loss of 
VAT) from the reconstituted enzyme, and 5 per cent for the native. Thus at this low 
temperature each behaved essentially as a non-dissociable enzyme. 
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The last two already -have been studied in detail for ¢d-amine aeid oxbdee 
by Stadie and Zapp (11). However, it did not seem justifiable te apes 
the values found by these authors to data obtained in this lahorsterer. os 
the assumption that all preparations of d-amino acid oxidase would «bee 
identical dissociation constants, inasmuch as erude one: 
were emploved in both investigations. 

In the description of the method adopted for caleulation of the dimes 
tion constants the following abbreviations have been used. AT eomeentrs 
tions are given in moles per liter, velocities in microliters of O) pee @ 
minutes. 


p = uncombined enzyme-proteim 

PF = enzyme-protein combined with FAD 
Pp = pt+ PF + PFS + PI = total enzyme-prote 
F, = total FAD 

f = free FAD 


and d-alanine 


inhibitor 


S = d-alunine, free, assumed equal to total 
(PF), PF +. PFS 


VY = rate of Oo uptake 


V = constant substrate come entrattonm whem F, 
pf (PFOS pel 
Ke = Kgs = A; =: A : 
(PF) (PFS) Pl A. + & 


In connection with the data at constant substrate concetitratiom mf tm 
convenient to use the combined substrate-FAD constant, A 
will be shown below, is equal to p-f (PF),. As always, it ix aswummeed thet 
the velocity is proportional to the concentration of enzwme combined woth 


both prosthetic group and substrate. Then | LKiPFS When / 
x, 
P, = PF + PFS = PFS 4 and = & 
V PF + PFS 
Vine — P, — (PF + PFS p 
V PF + PPS 
Vine Vy p-f 


PFO 4+ 8/Kg) 


; 
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The method described by Haas et al. (12) was used for calculation of P, 
which is consider¢d equal to the maximum FAD-combining capacity of the 
enzyme preparation. These authors ignored the substrate equilibrium jy 
deriving an equation for calculation of P,, assuming a combination of | 
mole of enzyme with 1 mole of FAD, from the maximum rate (FAD = «| 
and the rates at anv two intermediate concentrations of FAD. If the 
substrate equilibrium is included, with the substrate concentration kept 
constant, (PF), used in place of PF, and \,,r in place of V,,, the same 
tinal equation can be derived. 


mF 


\s mentioned earlier, /, was slightly larger than the added FAD, sincea 
small amount always remained in the enzyme after treatment with acid 
ammonium sulfate. The latter quantity was estimated by extrapolation 
from the FAD-rate curve. \,,. Was estimated as a first approximation 
by plotting 1/V against | /,, with only the high values ot F, where the 
FAD is largely free, and extrapolating to 1 F, = 0. After calculation of 
?, and f with this value of V,,-, a closer approximation to the true value of 
| Was made by plotting | Vo against f. This second value of 
|,» generally gave values for P, and Keys that showed no drift. If this 
was not so, was finally adjusted by trial and error, since the change 
necessary was never greater than I to 2 per cent and not graphically de- 
tectable. | 

\fter estimation of P,, the combined FAD could be calculated readily 
iv Equation 1 and the free FAD from the difference between total and 
combined. Agys was then given by Equation 2. 

When inhibitor was present, the values of ?,, Ars, and |) je found in the 
corresponding control experiment were used to calculate the concentration 
ot free FAD, free protein, inhibitor-bound protein, and finally inhibitor 
dissociation constant from the following relationships. 
pl 


(PD) 


Friar f 
mF 


In order to be able to compare inhibitor and prosthetic group dissocia- 
tion constants, it was necessary to know the value of As. In a few exper 
ments |’... was estimated at several different substrate concentrations 


from values of | at two or three relatively high FAD concentrations. 
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From the intercept of the versus lime, tee 
The substrate dissociation constant is then given tev the 


£ 
= Ax 


Ky can then be calculated from by Equation 2. 

‘Dissociation Constants results and detailed caleulatiom for 
control experiments are given in Table IIL. The data obwioushy conten 
well to the relationship predicted for a reversibly dissoeiable emevnm 
prosthetic group system, as indicated ly the constancy of the value. 

K gs. 

Typical data for calculation of inhibitor dissociation comstants are rh eri 
in Table IV. The values caleulated for the quinine-protein dissoehet bom 
constant, although less consistent than those for Ay., showed no marker! 
drift with change in FAD or quinine concentration. ‘This ts far fromm tre 
in the case of atabrine. The calculated dissociation constants for atabewrie 
showed a marked upward drift with increase in FAD of in atabrine com 
centration. 

The results of all measurements of FAD, substrate, quinine, and at 
brine dissociation Constants are summarized in Table \ Although om eaet 
individual experiment there was good agreement between the dissent rem 
constants found with different amounts of FAD, the constants with differen! 
enzvme preparations varied. With preparations made from the same bet 
of lamb kidnevs, FAD and quinine dissociation constants agreed within 10 
percent. However, with preparations from different lots of lamb kidnewe 
the divergence in both constants and in the values of ?, was marked. This 
variation may be caused in part by use of a crude enzyme preparation, for 
there are several flavoproteins in tissue and certain of these can be split 
reversibly by acid ammonim sulfate (13). The presence of one or tore 
such proteins with FAD dissociation constants not too far removed from 
that of d-amimo acid oxidase might alter the magnitude of Ap, without 
causing the system, within the limits of experimental error, to depart from 
the velocitv-concentration relationship of a single dissociating system 

The value of Ag would also be influenced by contaminating FA D-com 
bining proteins, but not by other types of forcign proteins capable of 
combination with quinine, since the relatively high quinine concentrations 
used would not be altered signihcantiy by such combination. 

There is fairly good agreement between the A. values found) with the 
two lots of kidneys. This constant should be less affected by foreign pre 
tems than Ay or Ay, inasmuch as proteins other than d-amine acid oxidase 
itself probably would not combine with d-alanine. 

The values for Ay found with Enzymes I-32, 1-33, and 1-34 (average 
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0 16.6 6.84 0.34%; 2.32 1.027 0.108 | 23:1 
9 37.3 2.49 2.11 1.01 0.248 0.60:1.50 
1.02 52.¢ 1.36 1.99 0.404 0.350 1.0L 1.48 
O3 72.7 O.791 37 i SS 55S) 7.50 
1.07 | 93.3 10.395 4.41 1.74 (0.716; 0.80 | 0.86 | 0.621 | 3.7911.80 
(107.5 0.21] 7.5) 1.65 O.825) | 0.716) 7.09:1.50 
27.1 123.2 (0.0568, 27.5 O 4465 0.82) | 20.7 
130.24 
\verage.__.. 0.56 1.49 
[1-41 | 15.2 18.26 Q.305T) 2.52 1.327 28T | 0.129 1.467 
0.55 38.3 (2.675 | 0.855 2.29 0.272 1.15 18 0.322 | O. 4531.2 
1.10 | 55.8 [1.523 | 1.41 2.14 0.396; 1.21 0.468 0.941.483 
2.21 | 79.4 0.773 | 2.51 1.94 0.564 0.669 841.42 
4.14 100.7 0.308 4.45 O.849 3.60)1.43 
8.28 118.7 8.59 1.60 (0.843: 1.22 238 O.99S 7.359)1.41 
27.6 (133.6 0.053Y 27.9 0.949 P1128 26.8 1.444 


40.54 


Average .. 1.18 1.42 

*P, (1), ealeulated by comparison of each point with the one for which F, = 
1.36 (Enzyme I1-43) or 1.41 (Enzyme II-41) by Equation 3. P, (2), ealculated by 
eomparison of each point with the one for which Fy = 2.37 (inzyme ITI-43) or 2.51 
(Euzywme If-41). The functions, — V)/ V and V/ were calculated 
from the rate at each valuc of F,. The most reliable values of these functions 
were im the range of flavin-adenine-dinucleotide (FAD) concentration in 
which the velocity was approximately one-half of the maximum. Therefore one 
such point was selected for F,, and V,, and P; was calculated with each other point 
inturnas F,,and V.by Equation 3. This process was repeated with a second point 


in the reliable range as standard and all values were averaged to obtain P, for the 
particular enzyme. 

t estimated graphically. 

t Omitted from the average; these points were considered unreliable and ignored 
whether or not the constants agreed with those ealeulated from the other points, 
for the values from the first points (no added FAD) were determined largely by the 
estimated value of F, and those from the last point Chighest FAD) by the estimated 


mf 


0.46 X 10°* mole per liter) are in good agreement with that found by 
Stadie and Zapp (11), 0.47 * 10°* mole per liter. Stadie and Zapp’ 
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value for K x, 0.0053 mole Der liter, is somewhat lower than thowe im Table 

V. However, later in their paper they give as 0.009 mole per liter the 

value for the constants Apezs and which should be equal te Ag 
Taste IV 


Calculation of Prote tn-Lnhibitor Dissociation (‘onatanat 


The enzyme used with quinine was Enzyme miereditere of 
Q, per 20 minutes; P; = O.86 K M; Ags = 140 
dinucleotide (FAD) present in enzvme = 034 & The 
atabrine was Enzyme [1-41; Vie = 140.8 microliters of per 20 « 


LIS X mM; Ags = 1.42 10°' uM; FAD present in enzyme 0.2905 


FAD 


Inhibitor added | Fy Pi 
Micro- 
min 

Quinine 0.003 2.08 36.5 2.37 2.13 O.170 458 } 
1.07 56.2 4] 374 Br 

14 71.3 4S 0.474 s OF «7 

13.9] 0553 4.435 O 7% 

Average 

Average ... 
Atabrine 0.0003, 0.689. 22.0 0.995 0.185 OSt 0.327 O.@72) 
1 65 is. 4 1.06 0 407 o 374 O. 6 

3.31 3.61 0.672 2.901 O 325 

Atabrine 500 0.805 O 15S oOo. o 
1.10 36.6 1.41 30S 477 ome 

2 . 20 67S 2.51 O.571 


Thus apparently within the limits of variability of both sets of experiment. 
the results reported fi the two investigations are in agreement 

The atabrine data, included in Table V, ean be taken as an indieation 
that atabrine is effective as an inhibitor at lower concentrations than ie 


EEO 
; 
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quinine The Of the in ihe ealeulated xtabrine issociation 

eonstants is not entirely apparent. Combination of more than | mole af 

atabrine per mole of protein would cause drifts in the reverse direction to 

those a} werved. An irreversible actiom should not he affected hy FAD. 
¥ 


Dissociation Clanslauls af d-Aming Acid 


(Quinine Atabrine 
Of mole molestper | mole moles per MEMES 
0.003 (5.4 1200 
2.7) 0.001 [4.8 1100 
OOO1 5.4 1208) 
133 S2 001 5.1 1300 
(4.3 
3.0003 3.5 
124 (2.6 3.3 .Q0002) 0.47 
9.0002 (147 
\verage 4.6 0.4 + 0.6 1000 
1-37 (0.97) 1.33 6.6 0.001 9.2 1400 
11-4) 14) 1.1S 1.42 0.00667 .1 1.6 
0.0003 3.8 
134 1.15 1.30 0.001 3.6 
.4 1200, 
1-48 130 Q.86 1.49 7.4 0.003 9.9 1300 
0.001 9.9 
\verage 6.9 + 0. + 0.¢ 1300 


* Enzymes 1-32 through 1-34 were prepared from one fot of acetone-dried lamb 


kidneys, the remainder, from a second lot. 


The efiect of FAD (bat not atabrine) concentration on the rate might be 
explained by the assumption that with atabrine there are two types ot 
inhibition, the one rapid, reversible, and competitive gand the other slower 
and irreversible, but also affecting onlv the free protein. Thus increase iD 
FAD would not only lower the magnitude of the first kind of inhibition, 
but would decrease the rate of the second. ‘ This is supported by the fact 
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that at Jow FAD concentrations the rate of ©. uptake Wee linear omly fer 
the first 15 to 20 minutes, and then progressively declined Phat the epee 
nine effect also might be associated with a measure of rrrevemable meacteve 
tion Was indi ‘ated in a few experiments ith which the rate wae folhowes 
for longer than the usual 30 minute period. Although mn the longer interval 
even the control rates ceased to be completely neverthelewme Pre 
decrease Was more marked in systems containing quimmme When the PAD 
concentration was low. 

In addition, these observations raise question that mm alwaws 
some In attempts to derive thermodynamic constants from Kinmetre data 
namely, whether true equilibrium actually has been attanmed. 
the above data are significant only if the equilibria between enzyme, pre. 
thetic group, and inhibitor are attained rapidly. may be send thet 
the constant rates usually observed for 30 minutes, starting te 
after mixing, indicate that the concentration of FA L)-enayrnestuhet mete 
complex, which must be the resultant of all three 
rapidly constant. If feasible, a longer observation perd would be des 
able, but unfortunately this is accompanied by a change um subestrats 
concentration and by a slow decline in enzymatic activity.  Prolomgetion 
of the period of observation thus would offer no advantage 

With any oxidizable enzyme there is an additional factor that hax heen 
thus far completely ignored; viz., the difference in the dissociation 
of the oxidized and reduced prosthetic group. ‘The relative oxidation 
reduction potentials of the ‘old yellow enzyme” and of riboflavin phosphate. 
E,, at pH 7 amount to —0.06 and —0.18 volt respectively (14), indicating 
that in this flavoprotein the reduced prosthetic group is some LO? times 
as tightly bound as is the oxidized. Warburg and Christian (8) present 
qualitative evidence that with d-amino acid oxidase the dissociation of the 
reduced FAD is very significantly lower than the oxidized. Data obtained 
with the first set of enzyme preparations (Enzymes 1-32 to 1-34) with air 
in the gas phase gave dissociation constants (A ») for FAD-proetein of 2.7 
to 3.0 X 10-7 mole per liter as compared to the values 4.0 to 5.3 & 10 
found with oxygen as the gas phase (Table V). That the increase ix me 
greater than this when the ©. concentration is increased 5-fold is an indies 
tion that FAD exists largely in the oxidized form, even in air. 

In view of the possibly complicating and insufficiently controlled factors 
discussed above, it is surprising that the d-amino acid oxidase system 
approximates so closely the theoretical behavior of a single enzyme, com 
bining reversibly with prosthetic group, FAD, and substrate. For evalua 
tion of more reliable constants, it would be necessary to work with pure 
enzyme preparations and to take into quantitative consideration the stat 
of oxidation of FAD. 
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In spite of the limitations in the significance of the absolute values found | ire 
for Ky and Keo, it seems allowable to conclude that, over a limited period of | pro 
‘ime, quinine inhibits d-amino acid oxidase by reversible competition with | 
FAD. Relatively high concentrations of quinine are required, in view of its inh 
relatively large dissociation constant. With atabrine there mav he te. | red 
versible competitive inhibition, but the final effect of atabrine, even overg | ™Ma 
relatively short period, cannot be explained on the single assiimption of this 

7 combination with the protein portion of the enzyme. rev 
the 
DISCUSSION 

It is apparent from the foregoing that the FAD-inhibitor antagonism 
not at all specific for atabrine.° It is: nearly as marked with quinine, 
plaemochin, ete., and the non-antimalarial quinolines, quinine methochlo- | 
nde and 6-methoxyquinoline, and is readily detectable with a variety of 
other simpler aromatic nitrogen compounds in higher concentrations. Al] (FA 
of these compounds appear to share the property of combining with nu- by 
merous proteins. When the protein is an enzyme, the combination may or var 
may not result in inhibition, depending upon whether the portion of the PA 
protein molecule affected is essential for activity. When the grouping Sets 
afleeted takes part in the combination between enzyme, and _ prosthetic Ata 
group, the result is competitive inhibition. However, if it is essential for aaa 
eetivity, but not for combination between enzyme and substrate or pros- the 
thetic group, a non-competitive inhibition results. The latter was found 2. 
to be true of the inhibition of Straub’s (15) flavoprotein (a ‘coenzyme fac. | of t 
tor”) from heart muscle by some of these compounds.'! — tion 

All of the quinoline compounds and atabrine, and possibly the other | 48 
basic inhibitors also, appear to combine with similar groups in proteins. | atat 
In the studies with other enzvmes, e.g. heart flavoprotein, lactic dehydro- follc 
genase, pancreatic lipase, catalase,“ it was found generally that an enzyme | FAI 
affected by one was affected by all, the order of effectiveness being similar mole 
te that found with d-amino acid oxidase. In view of the results of the apa 
quantitative measurements of atabrine inhibition, it is probable that many ead 
of these compounds have in addition to a rapid reversible effect, a slower, 

© The observations with isolated enzymes thus lend little general support to the tk 
des that a similarity in structure between atabrine and isoalloxazine derivatives is 2 B 
defmitive for the chemotherapeutic action. It is of interest in this connection that 3 B 
“tedies (2) with « particular strain of surviving, isolated parasites (Plasmodium +¥ 
lopherec) wave no indication of alteration of the effect of atabrine by flavin nucleo- 5. H 
todee ss It remains, however, conceivable that cells may exist in which the respiration 6. W 
concerned with the functioning of sufficiently dissociable havoenzymes, permitting 7 
whibitien by atabrine, quinine, sulfathiazole, ete., through competitive process W 
te that treated in this paper. 
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irreversible one. The irreversible phase is not necessarily marked with all 
proteins. Thus inhibition of the action of pancreatic lipase by atabrine, 
as well as by quinine, followed the concentration-rate relationship of 
inhibition by reverszble combination. On the other hand, with evtochrome 
reductase, the irreversible action of atabrine was reported as being se 
marked (5) that protection by riboflavin phosphate was possible only when 
this was added before the atabrine. Thus the relative importance of the 
reversible and irreversible actions of these compounds may vary both with 
the enzyme and with the inhibitor, as illustrated by the difference between 
atabrine and quinine in their effect upon d-amino acid oxidase. 


SUMMARY 


1. Quinine, atabrine, and other related substances inhibit d-amino acid 
oxidase strongly at low concentrations of flavin-adenine-dinucleotide 
(FAD), and only slightly at high concentrations. This suggests inhibition 
by competition with FAD for the protein. Qualitative comparison of the 
variation of the degree of inhibition as a function of the concentration of 
FAD and inhibitor made possible an estimation of the relative affinity of a 
series of compounds for the protein constituent of d-amino acid oxidase. 
Atabrine and two auramines were the most effective inhibitors, followed by 
quinine, plasmochin, and other quinoline derivatives. Less effective were 
the sulfonamides, aniline, and pyridine. 

2. There was conducted with quinine and atabrine a more detailed study 
of the protein-inhibitor-FAD equilibrium. ‘The rate-concentration rela- 
tionship with quinine as inhtbitor was interpretable readily on the assump. 
tion of reversible competitive inhibition. This was not strictly true with 
atabrine. With enzyme preparations from one lot of lamb kidneys the 
following values were found for the respective dissociation constants of 
FAD, quinine, and substrate, Ay 4.6 & 10°7 mole per liter, Ax» 0.0061 
mole per liter, Ag 4.6 & 10~' mole per liter. With preparations from a 
second lot the values were Ay 6.9 XK 107-7, Ks 0.0066, Kg 8.9 & 107! mole 
per liter. 
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A CRYSTALLINE PROTEIN WITH s-AMYLASE ACTIVITY 
PREPARED FROM SWEET POTATORS* 


A erystalline protem, highly active in splitting reducing from 
starch, and quite free trom a-amVlase activitv. hos been prepared fren 
sweet potatoes. 

The press-Juice of sweet potatoes was brought to GO. 
cooled, and filtered after the addition of lead acetate; the protein im the 
filtrate was precipitated by 0.7 saturation with ammonium sulfate, amd 
than purified by dialvsis, acidifieation successively to pH 4.6. 4.0. ame 
3.2, and finally by quarter saturation with ammonium sulfate at phi 4.5 to 
4.0, each time with the removal of any precipitate. Repeated fracthomation 


Preparation No. of crystallizations Some 
1)* 3 
2 
3 


*The partly purified protein was in this case also submitted to eleetrodialwen 


of the remaining material between quarter and half saturation with am 
monium sulfate at pH 4.0 finally vielded ervstals on the cautious addition 
of ammonium sulfate in the cold. Reerystallization was carried out in 
the same manner from solutions containing | to 2 per cent of protein 

Dialysis of the twice recrystallized substance did not significantly change 
the nitrogen precipitable by trichloroacetic acid. After dialysis, 17 4s 
per cent of the dry weight was nitrogen and 17.13 per cent was nitrogen 
precipitated by trichloroacetic acid. 

The amylolytic activity expressed in arbitrary units per mg. of protein 
nitrogen is given in the table. 


* Enzyme Research Laboratory Contribution No. 09 
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The crystals are tetragonal, and usually 12-sided, consisting of short 
rectangular prisms (generally cubes) with tetrahedral pyramids at each 
end. They have frequetitly measured 10 to 15 yu. : 


Bureau of Agricultural and I ndustrial Chemistry AK. 
(nited States Department of Agriculture RK. R. Trompsox 
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THE ACTION OF METMYOGLOBIN, OXYGEN, AND 
MANGANESE ON OXALACETIC. ACID* 


Sirs: 

Ina previous communication’ we have reported the 
tissues of a substance capable, when supplemented with manganese tome. 
of causing an oxidative decarboxylation of oxalacetic acid to mabogie 
acid and carbon dioxide. ‘The factor in heart musele has been foawmd te 
be metmvoglobin. This substance, prepared from home heart’ amd 


Effect of Catalase and Hydrogen Peroride on Oxidation of Oralacelate Presence of 
and Metmyoglobin 


Conditions, gas phase, air; 30°. Experiment I, 0.25 acetate bafler, pif 
0.3 mg. of metmyoglobin, 1.5 mg. of oxalacetic acid in a total femal wolame of 20 ce 
In (a) 0.1 ec. of 0.01 mM MnCl. and 0.1 ce. of 0.008 were tipped im the 
arm at Otime. In (b) 0.1 ce. of 0.01 Mm MnCl was tipped im from the sede armat 0 
time. Experiment II, 0.05 mM acetate buffer, pH 4.9, 0.0005 2.0 oe. of meet 
myoglobin in a final volume of 2.0ce. In (a) no catalase; in (4) OF og. of erwetalline 
beef liver catalase. 1.5 mg. of oxalacetic acid were tipped in from the «ide erm af 
0 time. 


(rae 


Experiment No. Lag period* 
Time Ch comen teed th eveaived 
I (a} 3 IS il 
(b) No 15 IS ty 
Tet het 
I] No catalase 10 fi) 
(b) Catalase 35 1 


* The lag period is the time when first measurable oxygen comenptiem eam he 
detected. 

t Oxygen consumption is complete at this time; evolutren 

t Both CO, evolution and oxygen consumption are complete 


recrystallized four times, accounted for the activity of the tresh dialy aed 
water extracts of the heart muscle. Hemoglobin and cytochrome « were 
without activity. 


* Aided in part by grants from the John and Mary R. Markle Fowndatios aad from 
the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the Uniwersity of C)ieaee 

Vennesland, B., and Evans, E. A., Jr., J. Biol. Chem, 156, (1044) 

* Marcy, H.O., 3rd, and Wyman, J., Jr., J. Am. Chem. Soe. 4, G38 (1042). Thee 
rell, H., Biochem. Z., 252, 1 (1932). Morgan, V. F., J. Biol. Chem. 192, S87 (toms 
36). 
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There is an initial lag period before oxygen consumption sets in. This 
lag period is reduced by the addition of small amounts of hydrogen peroxide 
and increased by the presence of catalase, as shown in the table. 

tinder conditions similar to those deseribed in the table, 0.0003 M sodium 
azide doubles the lag period and decreases the total oxygen consumption 
5O per cent, and 0.0083 m sodium azide inhibits oxvgen consumption com- 
pletely. The oxvgen consumption, when plotted against time, always 
gives an S-shaped curve, and if the amount of metmvoglobin is limited as 
in Experiment I oxygen consumption ceases before all the added oxalacetate 
has been decomposed. The proportion of oxalacetate oxidatively deear- 
boxvlated as compared to that non-oxidatively decarboxyvlated varies 
with buffer concentration, pH, and the concentration of the reacting 
components. 

During the oxidation the metmvoglobin is converted first to a green 
pigment and then toa light brown pigment which shows no sharp absorption 
bands in the visible spectrum and is mactive in the test svstem. 

There is an analogy in this reaction to the action of peroxidase on 
dioxvmaleic acid,’ to the coupled oxidation of ascorbic acid and hemo- 
globin, and particularly to the-action of evtochrome ¢ with manganese on 
dioxymaleic acid’ The recent studies by Virtanen and Laine® on the 
hemoglobin and related pigments in root nodules of legumes, with the 


demonstration of a possible functional relationship of these substances to — 


oxalacetic acid in connection with nitrogen fixation, have prompted the 
publication of these findings at the present time. 


Department of Brochemistry Brrair VENNESLAND 
nirersity of Chicago AL FEwans, Or. 
Chicago Artsra M. FRaNeis 
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THE AEROBIC GLYCOLYSIS OF AVIAN RED BLOOD CRIES 
AND ITS CONTROL BY INTRACELLULAR [ONS EN 
PHYSIOLOGICAL CONCENTRATIONS" 


l rs: 


Hemolysates of washed red blood cells of pigeon (1 part of red celle + 2 
parts of distilled H.O), separated from the main bulk of white eefle, shew s 
strong glycolysis. It is essentially aerobic, being intubated SO te per 
cent by 0.002 mM HCN and 60 to 70 per cent alter evaciation of oxygen wrth 
the oil pump. ‘This inhibition is irreversible after 3 hours ameerolbeerk and 
partly reversible after 15 hours. 

This aerobic glycolvsis, the mechanism of which (perhaps idemtreal with 
that described for kidney extracts’) will be investigated, shows a charseter 
istie sensitivity to multivalent ions which is manifested by strome mnbibeteors 
effects varving m degree with the valency and the nature of the rom ‘Tikes 
effects are characterized by four features, which are held significant im so far 
as potential physiological importance and physicochemical 
inhibition are concerned. (1) The inhibitory effect increases with deereas 
ing pH (between 7.6 and 6.7). (2) When multivalent cations are applied 
together with multivalent or strongly adsorbable univalent anioms (SCN 
PO;-), the resulting inhibition is greater than that corresponding to simple 
summation. This synergy between cations and anions is particularly 
marked with Mg** which by itself is a specific activator of glveolysis up to 
0.005 M and inhibits only in higher concentrations. Mg**, however, strongly 
increases the inhibition by multivalent (e.q. phosphate) and strongly ad 
sorbable anions even below 0.005 Mm. (3) lons, which are normal cell con 
stituents, inhibit strongly in physiological concentration (Ca at 0.00025 w. 
inositol hexaphosphate, ribonucleate at 0.001 M, phosphate at M/65 in the 
presence of 0.0025 m Mgtt). (4) The inhibition is reversible (so far in 
vestigated only for caleium). 

Slices of salivary glands, pancreas, and liver, exposed to stimulating 
agents (pilocarpine, acetylcholine, secretin),? and brain slices suspended in 
U.16M NaCl solution show great increase in respiration and simultaneously 
aerobic glycolysis. These effects are transitory and reversible and there 
fore not an expression of cell damage but of stimulation. They are irre- 


* This work was supported by a grant from The Interfational Cancer Research 
Foundation. 

' Colowick, 8S. P., Kalekar, H. M., and Cori, C. F., J. Biol. Chem., 187, 343 (1G41). 

? Deutsch, W., and Raper, H.S., J. Physiol., 87, 275 (1936) ; 92, 439 (1986). Broek. 
N., Druckerey, H., and Herken, H., Biochem. Z., 360, 1 (1939). 

Dickens, F., and Greville, G. D., Biochem. J., 29, 1468 (19385) 
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Influence of Ions on Aerobie Glycolysis 


1 part of red blood cell mpRaOn + 2 parts of distilled H.O; time 200 inate 
temperature 24°. 


Lactic acid 
Added substance glucose per «Inhibition 
100 ml. ceil 
Suspension 
Glucose, 0.18°,, pH 7.1....... - 
+ 0.00025 u CaCl, + 0.01 m | 71 
+ 9.001 mM inositol hexaphosphate......... 35 
Cilucose 0.0025 M MgC 0 
4+ 0.0025 “  « 4 O.OL NasSO,.. 53 31 


versibly suppressed by prolonged anaerobiosis. It seems possible that this. oes 
“stimulation metabolism’ is closely related to the aerobie glycolysis of: 
nucleated red blood cells. ‘The responsiveness of the matter to changes of ; 
the ionic environment supports this view. | 


Departuient of ZACHARIAS DiscHE 
College of Physicians and Surgeons | E 
Columbia University 
New York 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 
XXVI. THE DETERMINATION OF METHIONINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI 36* 


By MAX S. DUNN, MERRILL N. CAMIEN, 8S. SHANKMAN, anp 
HARRIETTE BLOCK 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, December 3, 1945) 


It has been shown that methionine is essentiai or is accessory for the 
satisfactory growth of Lactobacillus casei (2), Lactobacillus arabinosus 17-5 
(3-8), Leuconostoc mesenteroides P-60 (9), and Lactobacillus fermenti 36 
(10), and the determination with Lactobacillus arabinosus of methionine 
-jn-a mixture containing eleven amino acids has been described by Shank- 
man, Dunn, and Rubin (4). The determination of methionine in protein 
hydrolysates with Lactobacillus fermenti 36, Leuconostoc mesenteroides P-OO, 
and Lactobacillus arabinosus 17-5 is described in this paper. 


EXPERIMENTAL 


The assay technique described in Paper XXV (1) was employed. The 
following basal media were utilized for the growth of the microorganieme: 
Lactobacillus fermenti, that given in Paper XXIV (10), Leuconostoc mesen- 
teroides, essentially that given in Paper XVIII (9), and Leetobacilus 
arabinosus, essentially that given by Shankman (3). The total volume 
in each tube (4 inch) was 3 ml. All of the solutions were adjusted to the 
same concentration of sodium chloride to compensate for any stimulatory 
or inhibitory salt effects. The standard was run at fourteen levels up to 
28 y of the amino acid, the amino acid test mixtures and protein hydroly- 
sates were run at five levels, and six tubes were employed at each level of 
sample and standard. The contents of the six tubes at each level were 
mixed and titrated and the average titration value was caleulated from 
these data. 

It was found that d(+-)-methionine was completely inactive in promoting 
growth, either of Leuconostoc mesenteroides or Lactobacillus arabinosua. On 
the other hand, it stimulated the growth of Lactobacillus fermenti to an 


* For Paper X XV in this series see Dunn etal. (1). This work was aided by grants 
from the American Home Products Company, Merck and Company, Ine., the Nutri- 
tion Foundation, Inc., Schering and Glatz, and the University of California. The 
subject matter of this paper has been undertaken in cooperation with the Quarter- 


- master Corps Committee on Food Research. 
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extent entirely comparable to that exhibited by the /{—) antipode. [It 
appears that this response of Lactobacillus fermenti to both optical isomers 


[| 


Assay of Methionine in Amino Acid Test Mixture 1* (dl-Methionine 
Content 4.81 Per Cent) 


- 


Amuno acid _  di-Methionine | Titration volumet di-Methionine di-Methionine 


musture per tube | present per tube found per tube recovered 

84.4 4.06 4.11 101.2 
168.8 8.12 6.70 | 8.00 | 98.5 
253.1 12.18 - 8.40 | 12.40 
337.5 16.24 10.02 16.29 100.3 
421.9 20.30 | 11.81 20.40 100.5 


* The composition of the test mixture simulating that of casein was the same as 
that given in a previous paper (1). Thé basal medium (Medium C, Table I, Paper 
XXIV (10)) and 2 day incubation at 35° with Lactobacillus fermenti were employed. 

+ The solutions of six replicate tubes * each level of =mpe were mixed and 
titrated with 0.105 n NaOH. 


TaBLe II 


Assay of Methionine in Amino Acid Test Mizture 2* (dl-Methionine 
Content 0.42 Per Cent) 


960 | 4.00 4.01 | 4.00 | 100.0 
1920 | 8.00 6.61 | 7.89 | 98.6 
2880 12.00 8.50 | 12.62 105.2 
3840 16.00 2. | 16.06 100.4 
4800 20.00 11.59 19.82 - 99.1 


* The composition of the test mixture was the same as that given in a previous 
paper (1). The basal medium (Medium C, Table I (10)) and 2 day incubation with 


Lactobacillus fermenti were employed. 
+ The contents of six replicate tubes at each level of sample were mixed 
and titrated with 0.105 n NaOH. 


of an amino acid is.a unique property of microorganisms not hitherto re- 
corded in the literature.' The titrations at fourteen levels of methionine 


1 It has been reported by Dunn et al. (11), Hace (quoted by Lyman et al. (12)), 


Lyman ef al. (12), Lewis and Olcott (13), and Hac et al. (14) that d(—)-glutamic acid 
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Assay of Methionine in Amino Acid Test Mizture 3* (di-Methionine 
Content 1.65 Per Cent) 


id dl-Methioni di-Methioni: Methwaine 
| 125.3 | 2.07 3.72 | 1.96 4.7 
250.6 | 4.14 5.49 | 4.20 191.5 
376.0 | 6.21 7.81 6.35 102.3 
| 501.3 . 8.29 9.90 8.25 99.5 
| 626.6 10.36 12.20 10.54 101 .7 


* The composition of the test mixture simulating that of silk fibroin was the same 
as that given ina previous paper (1). The basal medium (Medium C, Table I (10)) and 
2 day incubation with Lactobacillus fermenti were employed. 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


TABLE IV 


Assay of Methionine in Casein H ydrolysate* 


— 


Hydrolyzed casei 
ash-free) 
| 149.2 4.25 4.40 2.95 
298 . 4 9.40 
447.6 9.10 14.00 3.13 
596 .7 10.68 17.72 2.97 
745.9 12.40 21 2.93 


* The basal medium (Medium C, Table I (10)) and 2 day incubation with Lacto- 
bacillus fermenti were employed. 


+t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 N NaOH. 


in tubes containing from 2 to 28 y of methionine per tube averaged 3.5 per 
cent higher volumes of standard base for the d/- than for the if — )-methio- 


promoted the growth of Lactobacillus arabinosus, although the d(—) antipode ap- 
proached activity equivalent to that of the /(+) isomer only at high concentration 
Stokes and Gunness (15) found that d(—)-aspartie acid exhibited essentially the 
same type of activity in promoting the growth of Lactobacillus delbruckii. 
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nine. Since an analytically pure grade of dl-methionine was employed, 
it appears probable that the l(—)-methionine (obtained through the 
courtesy of the A. E. Staley Manufacturing Company, Decatur, Illinois) 


TABLE V 
Recovery of Methionine Added to Casein Hydrolysate* 


Hydrolyzed casein | Methionine 
per tube (moisture- | 


and ash-free) In casein per tubet Added per tube Found per tube Recovered 
Y Y Y Y per cm 
74.6 2.26 2.00 4.30 102.0 
149.2 4.52 | 4.00 8.50 99.5. 
223.8 6.78 6.00 13.05 104.5 
298.4 | 9.04 8.00 | 16.92 98.5 
| 10.00 | 20.95 | 96.5 


* The sample was prepared to contain 10.0 y of iaateisnian per a: and 373. 0 y 
of moisture- and ash-free casein per ml. - Volumes from 0.20 to 1.00 ml. were taken 
for the assays. The basal medium (Medium C, Table I (10)) and 2 day incubation 
with Lactobacillus fermenti were employed. | 

+ Estimated on the basis of the 3.03 per cent of methionine in casein given in 


Table IV. 


TaBLE VI 
Assay of Methionine in Silk Fibroin Hydrolysate* 
Hydrolyzed silk fib ie 
onl. | per cent 
3763 4.81 5.10 0.136 
7526 7.30 10.48 0.139 
9407 | 9.02 | 13.30 | 0.141 


* The basal medium (Medium C, Table I (10)) and 2 day incubation with Lacto 


bacillus fermenti were employed. 
+t The solutions of the six replicate tubes at each level of sample were mixed and 


titrated with 0.105 n NaOH. 


contained several per cent of inactive material. The titrations in the 
experiments with Leuconostoc mesenteroides at fourteen levels of methionine 
in tubes containing from 1 to 14 y of methionine per tube were the same 
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(within +1.1 per cent) for dl-methionine and half the quantities of if —~)- 
methionine. The titrations in the experiments with Lactobacillus 
arabinosus at ten levels of methionine in tubes containing from 1 to 12 y of 
methionine per tube averaged 2.2 per cent higher volumes of standard base 
for the d/- than for half the quantity of /(—)-methionine. 

The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described in Paper XVII (11). The experimental data are given 
in Tables I to X. 


VII 
Recovery of Methionine Added to Silk Fibroin Hydrolyeate* 


Hydrolyzed silk Methionine 
ture- an 
I Added per tube | Found pertube | Recovered 
Y | Y per ome 
1.32 2.00 3.50 100.0 
1881 2.63 4.00 | 6.72 1o2.2 
2822 3.95 6.00 0.60 
3763 8.00 | 13.40 101.6 
4704 | 6.58 10.00 15.55 


* The sample was prepared to contain 10.0 y of methionine and 4704 » of moleture. 
and ash-free silk fibroin per ml. Volumes from 0.20 te 1.00 ml. were taken for the 
assays. The basal medium (Medium C, Table I (10)) and 2 day inewbation with 
Lactobacillus fermenti were employed. 

t Estimated on the basis of the 0.140 per cent of methionine in elk Gbroia given ia 
Table VI. 


DISCUSSION 


It has been found that methionine could be determined moet seewrately 
by incubating Lactobacillus fermenti 36 inoculum (diluted with a wolume 
of sterile saline 3 to 9 times that of the medium from whieh it was cemtel 
fuged) for 2 days at 35° in a basal medium of the composition of Medium C, 
given in Table I, Paper XXTV (10). Under these conditions, the average 
mean deviation from the mean values (all mean values at five lewels of each 


sample) was about 2.5 per cent for three amino acid text mixtures whiek 
contained 4.81, 1.65, and 0.42 per cent di-methomine, reepeetively («« 
the data under preferred conditions in Table VIII). Ot the whole, the 
recoveries of methionine from the amino sek! test were 
satisfactory with Lactobacillus fermenti, Leweonestoe mesenteroides, ane 
Lactobacillus arabinosus under the other conditions shown ie Table 
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Taste VIII 


Summary of Recovery Data for Methionine from Amino Acid Test Mizture* 


! 
Amino acid test mixture No. 


i 
1 2 3 


Lactobacillus fermenti; conditionst 


per ceni per cent cent 
2.4 2.4 2.6 
Range§ 96 .9-105.0 95.8-103.8 | 98 2-103 .3 
Mean) 101.4+1.7 (13) | 100.6+1.7 (10) 100.6+ 1.0 6) 
Lactobacillus fermenti; all other conditions® 
A.D. 3.3 7 3.5 | 2.8 
Range 95 .0-116.2 98 .1-117.5 92.0-119.0 
Mean 103.3 + 3.1 (13)  103.4+3.6 (13) 402.5 + 3.5 9) 
Leuconostoc mesenteroides ** 
Range 89.5-113.0 83.6-118.6 S6.0- 99.5 
Mean 96.6+4.0 (6) 3412. 3) 93.3 44.9 @B) 
Lactobacill us arabinosustt 
Range 98 3-108 .2 103. 9-111. 103 .4-117.0° 
Mean 104.4+.4.1 (3) 172s 3. 1 108.1 (3) 


* The amino acid test mixtures were the same as those referred to in Tables I, 
Il; and III. 


t The basal medium ‘(Medium ‘Fable. I, Panct XXIV (10)). The moculum was 


dijuted with » volume of sterile saline 3 to 9 times that of the medium from which it 
was centrifuged. The incubation time was 2 days 

} Average mean deviation from the mean of the values at i five levels of the | 
sample. 

Range of all assay values. 

| Mean assay value + its mean devi ation from the mean. The figures in paren- 
theses denote the number of ASSAYS. : 

€ The concentration of total amine acids in the basal medium varied from | to 2 
times that referred to above (+), the incubation times varied from 1 to 3 days, and the 
dilution of inoculum suspension varied from 1:1 to 1:27. Seven sets of conditions 
were employed. 

** The basal medium was the same as that given in Paper XVIII (Medium D, 
Table I) (9) except that the concéntration of total amino acids was 1.33 times that 
given in the table. The incubation time was 5 days. “ 

tt The conditions were the same as those given above (7) except that the ineuba- 
tion time was 3 days. The composition of the basal medium was the same as that 
reported by Shankman (3) except that the higher vitamin levels given in later papers” 
from the authors’ laboratory were employed and cysteine hydrochloride was sub- 
stituted for cystine at about half the equivalent concentration stipulated by Shank- 
inan. High blank titration values were observed at higher concentrations of 
eysteine. 
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Taspie IX 


Summary of Protein Assay and Recovery lata* 


Methionine in casein Methionine wk 


Found Recovered? bound 


Lactobacillus fermenti; preferred comditions 


per cemt per comi per per 
av. | 0.09 | 4.4 0.005 72 
Range | 2.87 3.13 88.7 103.5 0.128 0.140 2- 07.8 
Mean | 3.01 + 0.07 (7) | 97.8 + 4.0 (7 0.135+0.03 € 209 + 3.7 5 

Lactobacillus fermenti; all other conditione 

A.D. 0.12 2.9 0.008 +9 
Range | 2.83 3.19 06 .6- 105.4 0.126 0.153 ag! 
Mean | 2.96+90.08(10) 100.2 +2.6 (10) 0.139 +0 ©6010) 844 


Leuconostoc mesenteroides 


A.D 0.14 4.] 0.011 §.2 

Range | 2.69 - 3.06 88.4 - 99.4 0.103 125 2 

Mean | 2.84 + 0.15 (3) 95.2 + 4.5 (3 0.115 = 0.013 (3) 
Lactobacillus arabinosus 

A.D. 0.11 ae 0.005 2.1 

Range | 2.74 3.08 105.4 — 106.0 0.119 0.135 

Mean 2.93 + 0.13 (3) | 105.7 + 0.2 (3) 0.127 0.005 (3) 112.5 4.64) 


* The conditions described in the foot-notes to Table VILL were employed. The 
percentages of casein and silk fibroin designated as refer to the motet wre 
and ash-free proteins. 

t See foot-note 2 of the text. 


The assay values for methionine in casein and in silk tbrewm agree 
closely and the recoveries? of methionine from the acid hydrolysates of thee 
proteins did not deviate markedly from 100 percent. The determination of 


* Recoveries were calculated, as shown in Paper NXV (1), on the base of 0 
amino acid added to an aliquot of the protein hydrolysate some 
per cent calculated on this basis are approximately twice those ealewleted om the 
basis of the sum of the amino acid added and that found by assay te be peeeemt oe the 
aliquot of the hydrolysate when the quantity of the amino acid deriwed from beth 
sources is approximately the same. Recovery percentages caleulated by the letter 
method have been reported by Stokes ef al. (39) and they may have been calealated 
in this manner by other workers. The former procedure is preferred by the presest 
authors, since it provides a more rigorous test of the accuracy of miereltelegieal 
methods. 
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methionine with Leuconostoc mesenteroides and Lactobacillus arabinosus 
was considered to be less dependable than that with Lactobacillus fermenti 


Taste 
Per Cent of Methionine in Casein* (Literature Values) 


| Methioninef 2 Bibliogra hic 
Hydrolysis procedure Analytical method : reference No. 
Range Average 


per ceni per cent 


Concentrated HI; reflux 5-15 | Volatile iodide | 2.6-3.5 3.2 | (22-27) 
hrs. with and without Nz, 


Concentrated HI; reflux 6 hrs. | Homocysteine )» 2.9-3.1 3.1 | (24, 28-30) 

6-7 n HCl; reflux 6-10 hrs. at Colorimetric 2.7-3.7t | 3.3 | (31-34) 
temperature up to 135° | 

6 nw HCI; reflux 7 hrs. . Periodide titration | 2.8,2.9 | 2.8 | (35) 

Concentrated HI; reflux 18 hrs.; Gravimetric 3.1 | (36) 


prous mercaptide 
of - homocysteine) 
7 ~ HCI; reflux 24 hrs. H,0.,-HCIO, oxida- | 2.8-2.9 2.8 | (37) 


tion 
. Differential oxida- "| 2.9 | (38) 
tion | | 
10% HCI; reflux 5-10 hrs. at Microbiological§ | 2.6 | (39) 
121° | 


* In ten cases the source of the casein samples was not given. Five of the casein 
samples were Labco, four Harris, three Van Slyke, two Hammarsten, one Sheffield, 
and one Difco. All of the caseins were corrected for moisture or moisture and ash or 
calculated to 16 per cent nitrogen. 

+ From 0.06 to 1.4 per cent of methionine has been isolated from casein as the mer- 
curie sulfate or acetate complex (16-21). 


} The values, 4.7 and 4.9 per cent, given by Block and Bolling (31) have been 


§ Methionine determined with Streptococcus faecalis. 


because of the relatively high deviations from the mean of the recoveries 
from the amino acid test mixtures and the protein hydrolysates. It is not 


* Since it has been reported (3) that there may be two strains of Lactobacillus 
arabinosus which have been employed for assay purposes, experiments were performed 
to determine whether or not cultures of this organism would respond similarly to 
methionine. The recoveries of methionine from an amino acid test mixture simulat- 
ing the composition of casein averaged 102 (95 to 107) per cent with cultures of L. 
arabinosus 17-5 including those obtained from the American Type Culture Collection 
(one carried for a few months and one for 3 years on yeast-dextrose agar in 
the authors’ laboratory), the Western Regional Research Laboratory (Albany, 
California) through the courtesy of Dr. J. C. Lewis, and the Agricultural and 
Mechanical College (College Station, Texas) through the courtesy of Dr. C.M. 
Lyman. It appears probable, therefore, that the four cultures were the same strain 
of L. arabinosus. 
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improbable, however, that assays of higher dependability could be made 
with these microorganisms provided conditions were established more 
nearly optimal than those employed. 

Methionine in Casein* 

The percentage of methionine determined with Laclobactlus ferments 
under the best conditions was 3.01 (2.87 to 3.13, range of seven assays) 
per cent, corrected for the 6.22 per cent moisture and 0.55 per cent ash 
in this preparation as reported in Paper XVII (11). Other percentages of 
methionine (given in Table 1X) found under other conditions were 2.06 
(2.83 to 3.19, range of ten assays) per cent, determined with Lactobacillus 
fermenti, 2.87 (2.69 to 3.06, range of three assays), determined with 
Leuconostoc mesenteroides, and 2.93 (2.74 to 3.08, range of three assays) 
determined with Lactobacillus arabinosus. 

It seems probable that the true value for methionine in casein is 3.0 & 
0.1 per cent. This conclusion is strongly supported by the data given in 
Table X, since nearly the identical value has been reported by authors from 
ten laboratories who determined methionine by seven methods, differing in 
principle, in samples of casein prepared by the Hammarsten, the Van Slyke 
and Baker, and other procedures. Except for the low values obtained by 
isolation procedures, nearly all of the values for methionine given in lable 
X are not more than about 10 per cent lower or about 20 per cent higher 
than 3.0 per cent. It is of interest that methionine has been determined 
in proteins by more methods differing in principle than any other amino 
acid, that the percentages of methionine in casein obtained by different 
methods are in such close agreement, and that approximately the same 
percentage of methionine has been found in casein prepared from different 
milk samples by a variety of procedures. It would appear either that 
casein, irrespective of its source and method of preparation, contains near!y 
constant proportions of a- and 8-caseins® or that a- and 8-caseins contaim 
nearly the same percentage of methionine. 


Methionine in Silk Fibroin* 


The content of methionine determined with Lactobacillus fermenti under 
the best conditions was 0.136 (0.128 to 0.140, range of six assays) per cent, 


‘It appears that casein and silk fibroin eontain little, if any, d(+ )-meth on: ne since 


the methionine content of each protein determined with Lactobacillus forments (giving 


the sum of the /(—)- and the d(+)-methionine) was nearly the same as that deter. 
mined with Leuconostoc mesenteroides or Lactobacillus arabinosus (giving only —)- 
methionine). It should be possible, however, to determine by differential assay with 
Lactobacillus fermenti and one of the other microorganisms the quantities of [(—). 
and d(+)-methionine present in a mixture of these antipodes. 

6 The evidence for the non-homogeneity of casein has been reviewed by Warner 
40). 
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corrected for the 5.68 per cent moisture and 0.25 per cent ash reported in 
Paper XVII (11). Other values of methionine (given in Table LX) found 
under other conditions were 0.139 (0.126 to 0.149, range of eleven assays) 
per cent, determined with Lactobacillus fermenti, 0.115 (0.103 to 0.134, 
range of three assays) per cent, determined with Leuconostoc mesenteroides, 
and 0.127 (0.119 to 0.135, range in three assays) per cent, determined with 
Lactobacillus arabinosus. It appears that methionine may be assayed in 
silk fibroin under the described best conditions with an accuracy comparable 
to that attainable in the nuChOa eee assay of amino acids in other 
proteins. 

The methionine content of oven-dried (105°) silk fibroin obtained from 
Dr. W. H. Stein and Dr. Max Bergmann was found to be 0.15 per cent by 
Stokes ef al. (39) who determined methionine microbiologically with 
Streptococcus faecalis. No other values have been found in the literature. 


SUMMARY 


Microbiological procedures have been described for the determination 
of methionine in protein hydrolysates with the microorganisms Lactobacillus 
fermenti 36, Leuconostoc mesenieroides P-60, and Lactobacillus arabinosus — 
17-5. The methionine in casein and silk fibroin, respectively, was found 
to be 3.01 and 0.136 per cent under the conditions considered to be most 
dependable (assay with Lactobacillus fermenti inoculum diluted with a 
volume of sterile saline 3 to 9 times that. of the medium from which it was 
centrifuged and incubated for 2 days at 35° in a basal medium (Medium C, 
Table I) of a composition given in Paper XXIV (10)). 

It is considered that the probable true values for methionine it in these 


| proteins are 3.0 + 0.1 (casein) per cent and 0.14 + 0.01 (silk fibroin) per 


cent, although it is recognized that the extent to which methionine is de- 
stroyed during hydrolysis must be. measured before the true values can | 


be determined. The nearly identical value for methionine in casein has | _ 


been reported by authors from ten laboratories who determined methionine 
by seven methods, differing in principle, in samples of casein prepared by 
several different procedures. 

The growth of Laciobacillus fermenti was stimulated equally by the d(+) 
and the I(—) antipodes of methionine. This response appears to be a 
unique property of microorganisms not hitherto recorded in the literature. 
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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 


XXVIII. THE DETERMINATION OF THREONINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI ™* 


Br MAX S. DUNN, S. SHANKMAN, MERRILL N. CAMITEN, ane 
HARRIETTE BLOCK 


(From the Chemical Laboratory, University of California, Loe Angeles 
(Received for publication, December 13, 145) 


It has been reported that threonine! is essential or in accessory for the 
growth of Lactobacillus arabinosus 17-5 (6-11), Lewconostoe mesentereedes 
P-60 (12), Lactobacillus delbriickii (5), Streptococcus faecalis SS 
lactis R) (4), and Lactobacillus fermenti 36 (13). ‘The firet mieroltelegieal! 
determination of threonine was that of Shankman ef a. (8) whe fownd by 
assay with L. arabinosus 94 per cent of the threonine preesest im 
of eleven amino acids. The percentage of threonine in corn, wheat, eye, 
and barley and the alcohol fermentation by-products of these cereal gramme 
was determined with L. arabinosus by Baumgarten of al. (11) whe reperted 


recoveries of threonine, added to samples prior to hydrolys.«, range from 


95 to 105 per cent. Threonine in six purified proteins and fourteen neteral 
products has been determined with S. faecalis by Stokes ef al. (4) whe showed 
that dl-allothreonine, the unnatural isomer of threonine.” 


*For Paper X XVI in this series see Dunn et al. (1). This work wae aided by 


grants from the American Home Products Company, Merek and Company, tee. 


the Nutrition Foundation, Inc., Schering and Glatz, and the Uniwersty ef Cal 
fornia. The subject matter of this paper has been undertaken in cooperatiom with 
the Quartermaster Corps Committee on Food Research. 

1 Threonine is an accessory but not an essential substance for Lactohactilee case 
according to Hutchings and Peterson (2). The statement of Stokes sed Conmes. 
(3) is not entirely clear on this point. Stokes et al. (4) have stated recently thet 
pyridoxamine or pyridoxal can substitute for threonine in the nutrition of the leete 
bacilli which, according to an earlier report by Stokes and Gunnews (5), ineleded 
L. casei, L. arabinosus, and L. delbriickii but not S. lactis R. These conchasene were 
drawn from experiments in which the basal medium of Hutchings aed Petersen 2 
was employed. It has been found in the present experiments that the requirement 
of L. fermenti for threonine was not eliminated either by pyridoxamine aed pyridesal 
when this organism was grown on the authors’ synthetic medium. The rate of 
synthesis of threonine was accelerated under some conditions in the presence of theae 
substances but no other effects were noted. The pyridoxamine aed pyridexal em 
ployed in these experiments were obtained from Merck and Company through the 


courtesy of Dr. J. L. Stokes. 


? Stokes et al. (4) designated the natural isomer of threonine as [{—)-threenine 
and the unnatural isomer as d(+)-threonine, the letters | and ¢d being emplewed to 
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methoxybutyrie acid, and four derivatives of threonine. were inactive ip 
promoting the growth of this organism. The assays at different levels of 
sample, the successive assays on the same sample, and the recoveries® of 
threonine added prior to hydrolysis of two purified proteins and _ three 
natural foods reported by Stokes et al. were in reasonably close agreement. 

The determination of threonine in protein hydrolysates w ai Lactobacillus 
ferment 36 is deseribed in this paper. : 


EXPERIMENTAL 


A basal medium essentially of the composition giv en (Medium C, Table 
{) in Paper XXIV (13) and the assay technique described in Paper XXVI 
(1) wereéemployed. 3 drops of 0.8 per cent dibromothymolsulfonephthalein 
(bromothymo!l blue) indicator solution (50 per cent ethanol) were required 
for the 3 ml. of experimental solution in each test-tube to give a satis- 
factory end-point in the presence of the marked discoloration produced by 
caramelization of the amino acids present at relatively high concentration 
in the basal medium. The standard was run at fifteen levels up to 84 ¥ of 
di-threonine, the amino acid test mixtures and protein hydrolysates were. 
run at five levels, and six tubes were employed at each level of standard and 
sample. The total volume of solution in each tube (4 inch) was 3 mi. 

The activity of dl-allothreonine and unnatural /{4-)-threonine was not 
tested but it was considered probable from the data reported by Stokes 
et al. (4) for Streptococcus faecalis that these substances would not promote 
the growth of Lactobacillus fermenti. Identical results were obtained in 
assays with dl-threonine purchased from Merek and Company and that 
prepared in this laboratory by William Blackwood. 

The easein, the silk fibroin, and the hydrolysis procedure were the same 
as those described in Paper XVII (14). The experimental data are given 
in Tables I to VIII. The basal medium given in Paper XXIV (Medium 
(, Table I) (13), except that the concentration of total amino acids ¥ was 


Sounte the relative configuration of the a-carbon atom in harmony with the common 
practice of naming the other amino acids. It has been the custom, previously, to 
designate natural threonine as d{(—)-threonine because both asymmetric carbon 
atoms in natural threonine and p-threose have the same relative pan rama 
* Stokes et al. (4) have calculated recoveries from the equation QUA + B) X 100 
= per cent recovery, where A is the quantity of amino acid found by assay to be 
present in the aliquot of the hydrolysate taken, B is the quantity of amino acid 
added, and C is the amino acid found in the mixture of A and B. Recoveries are 
calculated by the present authors from the equation (C — A)/B X 100 = per cent 
recovery, where the letters A, B, and C have the same meaning. The recovery of 
threonine calculated by Stokes et al. from the first equation was 102 per cent and the 
recovery would be 105 per cent if calculated from the second equation. It appears 
that true recovery may be calculated only by the latter procedure. 
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Assay of Threonine in Amino Acid Teast Mirture I* 

The test mixture contained 2.50 per cent d(—)-threonine (added as ofthe rT 
Amino acid Titration volumet 

present per tube found per 

per tu Range Average 

281.3 7.02 3.15-3.37 3.23 ; " 

562.6 14.04 3.93-4.23 4.06 13.70 

843.9 21.06 3.09-5.52 5.32 21.90 
1125.2 28 07 6. 20-6. 80 6.53 
1406.5 35.09 7 .29-8.01 7.54 36.10 we 


* The composition of the test mixture simulating that of casein woe the come eo 
that given in Paper XXV (15). 

+t The solution in each of six replicate tubes at each lewel of «ameple wo 
with 0.0310 N NaOH. 


Taste If 
Assay of Threonine in Amino Acid Test Mixture 2* 
The test mixture contained 1.67 per cent d(— )-threonine (added ae df threoaem 


Amino acid mixture d(— )- Threonine 4 Threonine 
per tube _-~present per tube Titration volume found per tube . 
| | mi. 
360 6.00 7.69 5.62 
720 12.00 11.71 12.00 ” 
1440 | 24.00 19.22 25.25 tea © 
1800 30.00 20.91 
* The composition of the text mixture was essentially the samme oe ¢ ‘ 
Paper XXV_ (15). 
+t The solutions of six replicate tubes at each lewel of sample « wh omel 
titrate? with 0.0623 nN NaOH. 
2.5 times that stated, and 2 day incubation at 35° with Leelebee:|!s phe he 


were emploved in all assays reported in these tables." 


‘It was shown in Figs. 14 and 27, Paper NNTV (13), that | tinmee the 


of total amino acids (equivaicnt to amino acid Level Pie 
level of total amino acids in the basal medium and that a 2¢ay seeuhe pe thd wae 
the maximum time which probably would be satisfactory for (he eee. 1 renee 
under the other conditions deseribx d. It has been reported 
2.5 times the concentration of totai amino acids ‘equivalent to amine een! 


in Fig. 14) and 2 day incubation time were the most satisfactory aeea,s ome 
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DISCUSSION 


It has been found that threonine could be determined most accurately 
by incubating a Lactobacillus fermentz moculum (diluted with a volume of 
sterile saline solution from 3 to 9 times that of the medium from which it 


- 
Assay of Threonine in Amino Acid Test Mixture 3* 
The test mixture contained 0.98 per cent d(—)-threonine (added as d/-threonine), 


| | mi. per cent 
626.6 ae 5.52 5.80 94.0 
1253.2 12.34 | 7.40 12.05 97.6 
1879.8 | 18.52 9.18 18.90 102.1 
2506.4 | 24.69 | 10.90 24.10 97.6 
3133.0 30.86 12.20 | 80.10 97.5 


* The composition of the test mixture simulating that of silk fibroin was the same 
as that given in Paper XXV (15). 
E + The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


TABLE IV 
Assay of Threonine in Casein Hydrolysate 
Hydrolyzed casei 
Titration yolume* d(—) found d({—)-Threonine in casein 
free) per tube 
ml. per cent 
149.2 5.62 6.16 4.09 
298 . 4 7.52 12.50 4.19 
447.6) 9.60 20.85 4.66 
596 .7 11.02 24.50 4.11] 
745.9 —12.60 | 31.25 4.19 


* The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 nw NaOH. 


was centrifuged) for 2 days at 35° in a basal medium (Medium C, Table I 
(13)) except that the concentration of total amino acids was 2.5 times that 
stated. Under these conditions, the average mean deviation from the 
mean values at the five levels of each sample was about 3.5 per cent for the 
three amino acid test mixtures described in Tables I to III, which con- 
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tained 2.50, 1.67, and 0.98 per cent d(—)-threonine, reepeectively. The 
assay values for threonine in casein and silk fibrom and the reeoweres of 
threonine from the acid hydrolysates of these proteins were ceasemally 


TABLE V 
Recovery of Threonine Added to Casein Hydreolyeate* 


Hydrolyzed casein d(— )- Threonine 
(moisture- and 

ash-free) per tube In casein per tubet | Added per tube Found per tube Revered 

74.6 | 3.17 3.00 6.00 “4 

149.2 6.34 | 6.00 i2.44 ot .7 

223.8 | 9.51 | 9.00 19.00 106.4 

298 .4 12.68 | 12.00 25.30 106.2 

373.0 | 15.85 | 15.00 | 31.60 106.0 


* The sample was prepared to contain 15.0 y of d(—)-threonine (added ae @ 
threonine) per ml. and 373.0 y of casein (moisture- and ash-free) per m!. Velemes 
from 0.20 to 1.00 ml. were taken for the assays. 

+ Estimated on the basis of the 4.25 per cent of threonine in casein given oa Table 


IV. 


TaBLe VI 
Assay of Threonine in Silk Fibroin Hydrolysate 


roin (moisture- and as found per tube 
ash-free) per tube Range Average 
451.5 2.94-3.11 | 3.03 5.50 1.2 
903.1 3.69-3.78 | 3.73 11.60 
1354.6 4.32-4.61 | 15.9% 1.17 
1806.2. | 5.07-5.43 | 5.27 21.00 1.6 
2257.7 | 5.61-6.29 | 5.91 24.84 1.10 


~ 


* The solution in each of six replicate tubes at each level of sample ee Uiteated 
with 0.0310 n NaOH. 


satisfactory, although, on the whole, they were somewhat loss preese and 
accurate than the methionine data reported in Paper XAVE (1) 
The average of from nine to fourteen threonine values found wader other 


assay conditions’ was as follows: 107 (98.8 to120) per cent, amine acid Test 


’ Concentration of total amino acids in the basal media and leeuheation tees 
(given in parentheses) were as follows: 1 (2), 1.5 (2), 2 (2). and 250) 
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Mixture 1,;110(98.7 to 151) per cent, amino acid Test Mixture 2; 93.0 (84.8 to 
101) per cent, amino acid Test Mixture 3; 4.5 (4.09 to 4.97) per cent, casein: 
1.20 (0.93 to 1.40) per cent, silk fibroin; 98.4 (67 to 117) per cent, casein re. 
covery; and 103 (87 to 131) per cent, silk fibroin recovery. These data and 
assay conditions were considered to be unsatisfactory. 

The determination of threonine was investigated with Leuconostoc 
mesenteroides P-60 and a basal medium (Medium D, Table IT (12)) except 
that the concentration of total amino acids was varied from | to 3.3 times 
that stated. Although there was no synthesis of threonime in 5 days, the 
standard curves were too irregular to vield dependable assays. It had 
heen found previously (12) that threonine appeared to be essential for the 


VII 
Recovery of Threonine Added to Silk Fibroin H ydrolysate* 


Hivdrolyzed silk | d(—)-Threonine 
fibroin moisture- 
and ash-free’ In silk Ghroin 
ver tube pet tubet Added per tube | Found per tube | Recovered 
| ¥ per cent 
225.8 2.69 | 3.00 5.70 100.3 
151.5 5.37 6.00 12.30 115.5 
677.3 S.06 9.00 16.50 93.5 
993.1 10.75 3 12.00 21.10 91.3 
1128.8 13.43 | 15.00 i 26.30 SOLS 


The sample was prepared to contain 15.0 y of d(—)-threonine (added as dl- 
threonine) and 1)2S.8 y of silk fibroin (moisture- and ash-free: perml. Volumes trom 
0.20 1.0) ml. were taken for the assays. 

+ }istimated on the basis of the 1.19 per cent of d(—)-threonine in silk fibroin 
viven in Table VI. 


growth of Leuconostoe mesenteroides P-60 but it was considered doubtful 
that threonine eould be determined quantitatively under the conditions 
described, 

The earlier report of Shankman ¢/ al. (8) that about 94 per cent of threo- 
nine in a mixture of eleven amino acids was recovered suggested that 
threonine in protein hydrolysates could be determined quantitatively with 
Lactobacillus arabinosus 17-5. This assumption was invalidated, however, 
by the observation that the recoveries of threonine added to amino acid 
Test Mixture 1 ranged from 120 to 230 per cent from assays with the four 
cultures of Lactobacillus arabinosus 17-5 (1) and the basal medium @) 
described previously. 
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Threonine in Casein 


The threonine determined with Lactobacillus | 
conditions was 4.27 (4.11 to 4.51, range of five assays 


umder thw 


~~ * 


bier al 


for the 6.21 per cent moisture and 0.55 per cent ash requested) mm leper 
If it is assumed that there is no appreciable dewtrmetion of 


(14). 


Summary of JThreontne Assay and Reco ery let 


Tasrie VIII 


2 
per cent per ceni 
108.0 101.0 

99.2 102.0 
100.9 97.9 
164.8 104.4 
97.3 102.3 
99.4 OF 
990) 101.7 
93.6 95.0 
101.0 
96.6 101.2 
100.8 99.2 
QG 4 
98 .7 
99.0 

100.0 


* The basal medium was the same 


100.6 


Amino acid test mixture No.; recovery? 


3 


per cent 


98 .6 
95.4 
93.5 
91.5 
97.5 
97.0 


t ound 


per cont 


Table 1) (13) except that the concentratior 


The incubation time was 2 


days. 


The 


the threonine values found at the differen: 


1.6to7.0), amino acid Test Mixture 1: 
1.8 to 5.0), amino a 


casein recovery; 3.8 (1.0 to OO), 


recovery. 


eid Test Mixture 3 


tite 


t The amino acid test mixtures were the ans 


II, and III. 


threonine during acid hvdrolysis, it seems probable t! 
threonine in casein is 4.3 + 02 To | 
(bold-faced tvpe in Table IN 
periodic acid-iodometric titration procedure bry 


with Streptococcus jae calis. 
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IX 


Percentage of Threonine in Casein (Literature Values)* 
Casein sample : Hydrolysis procedure Threonine 
| per cent 
Source not given | 20% HC! overnight; reflux | A 3.5f (18) 

| H.SO, 16 hrs. B 3.3§ (19) 

6N HClovernight C 4.6§ (20) 
Hammarsten 20% ‘* 24hrs.; reflux Ae 1 
Source not given D 3.54 (22) 
Commercial HCl 6. 2:9°** (23, 24) 
Source not given 25% H2SO, © A 3.5TT (25) 
Commercial 20% HCl 24 hrs.; reflux D 4.0t{ (26) 

T. B. Osborne 4.38§ (27) 

S. M.A., vitamin- | 20% “13 “ 
free | 

Source not given No data (29) 

S. M. A. 10% HC! 10 hrs.; 121° E | 4.297 | (4) 


* A 4.5 gm. yield (equivalent to 0.08 per cent) of purified threonine was isolated 
from fibroin by McCoy et al. (16) in 1935 but it appears that there are no data on the 
percentage of threonine isolated from casein. 

+ (A) lead tetraacetate oxidation to acetaldehyde and colorimetric determination 
of the acetaldehyde-p-hydroxydiphenyl complex; (B) bromine oxidation to a dike- 
tone and colorimetric determination in the presence of ferric ions of the diketoxime 
formed from the diketone and hydroxylamine; (C) periodic acid oxidation to acetal- 
dehyde and colorimetric determination of the acetaldehyde-p-hydroxydipheny] 
complex; (D) periodic acid oxidation to acetaldehyde and iodometric titration of 
the bisulfite-bound acetaldehyde; (E) microbiological assay with Streptococcus 
faecalis (Streptococcus lactis R.). 

t For casein containing 14.7 per cent nitrogen according to Block and Bolling (17). 

‘ No other data available. 

| For casein (containing 15.08 per cent atiregna. 0.82 per cent phosphorus, 0.63 
per cent sulfur, and 1.10 per cent ash) dried at 105°. The value listed was the aver- 
age of 2.8 and 3.7 per cent found in two determinations. 

{ Average of nine values (3.43 to 3.68 per cent) for casein uncorrected for moisture 
andash. The nitrogen content of the casein was not given. Recoveries of threonine 
from four mixtures containing from three to five amino acids ranged from 96 to 98 
per cent. Recoveries from casein hydrolysates averaged 96 (93 to 97) per cent. 

** Value for British Drug Houses casein (containing 13.4 per cent nitrogen) cal- 
culated to 16.0 per cent nitrogen. The value was considered to be 30 to 35 per cent 
low, since the recovery of threonine from a mixture containing fifteen amino acids 
was 70 per cent. 

tt Value for casein R. Value, 3.2 percent, found for casein R by the method of 


Shinn and Nicolet (22). The value, 1.0 per ent: was found by the method of Block | 


and Bolling (18) and the value, 0.7 per cent, was found by the method of Shinn and 
Nicolet (22) for casein A-165 hydrolyzed by heating it for 8 hours at 165° with 10 per 
cent H,SO,. Moisture, ash, and nitrogen were not given for either casein sample. 

tt Value for fat-free commercial casein (containing 14.00 per cent nitrogen) cal- 
culated to 15.80 per cent nitrogen. 
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Taste LX—Concluded 


§§ Value for sample of T. B. Osborne casein ontenneng con? 
on moisture- and ash-free basis) furnished by Dr. H. Lewse Tie 
4.3 per cent, was calculated from about seven determinetione Pemgrag 
4.46 per cent. The average value was 4.7 per cent for the caaehe correeted 1. 
per cent nitrogen. Recoveries of threonine added te 
from 96 to 99 per cent. 

||| For casein (containing 15.28 per cent nitrogen om 
prepared by isoelectric precipitation. 

For casein (dried at 105°) assayed with 


Threonine in Suk Fiberon 


The threonine determined with Lactobecillue formes ‘wot 
conditions was 1.24 (1.19 to 1.36, range of six per 
for the 5.68 per cent moisture and 0.25 per cent reported Pipes 
XVII (14). The following values for threonine m «!\ been 
reported previously: 0.62 per cent, found by Mortum amd foe 
silk fibroin containing 18.3 per cent nitrogen; |. (143 te of 
five determinations) per cent, found by Nicolet and Saxkel QO fee ath 
fibroin (dried in a vacuum desiccator) obtained Dr and 
1.36 per cent found by Stokes ef al. (4) for #ilk flbrow (deed af 19> of 
tained from Dr. W. H. Stein and Dr. M. Bergmann. The fret twe waleee 
were determined by the periodic acid-iodometric titratrom proceehare of 
Shinn and Nicolet (22). The last value was determined bw muerottelegieal 
assay with Streptococcus faecalis. 


SUMMARY 


A microbiological procedure has been deseribed for the determumation of 
threonine in protein hydrolysates with Lactobac/lue ferment W The 
percentages corrected for moisture and ash of threomime im aed 
fibroin, respectively, were found to be 4.3 and 1.2 wader the eoudstiem 
considered to be most dependable. 

It is considered probable that the true values for threemine im these 
proteins are 4.3 + 0.2 (casein) and 1.2 + 0.2 ‘silk filbrown) per comet, ab 


though it is recognized that the extent to which threonine m deetrowed 


during hydrolysis must be measured before the true waleee eam be deter 
mined. Percentages of threonine in casein and silk filroim whieh are 
fair agreement with the authors’ values hawe been fowmd im other 
laboratories by the periodic acid-iodometric titration proceedure and mere 
biological assay with Streptococcus faecalis. 
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SOME RELATIONSHIPS BETWEEN THE AMINO ACTIi) CON 
3 TENTS OF PROTEINS AND THEIR NUTRITIVE VALUES 
FOR THE RAT 


[ad By H. H. MITCHELL anv RICHARD J. BLOCK 


(From the Division of Animal Nutrition, University of Illinois, Urbana, and the 
Department of Physiology and Biochemistry, New York Medica’ 
College, Flower and Fifth Avenue Hospitals, New York 


(Received for publication, February 13, 1946) 


It is obvious that the nutritive value of a protein or mixture of proteins 
for any biological function or combination of functions is limited by the 
relative proportions of the essential amino acids contamed in it + « . those 

amino acids that cannot be synthesized by the animal at a sufficient!y rapid 
rate from any substances present in the usual diets. But it is not so eleser 
that the amino acid make-up of a protein is the only consideralle factor 
limiting its utilization within the animal body. 

The experiments of Sherman and Woods (1) on the determination of 

- eystine in proteins by means of feeding experiments with growing rate 
afford an illustration of a close relationship between amino acid conten’ 
and the growth-promoting value of protein, though perhaps not :'fiesently 
close to justify using a rat growth technique to check the aecuraey of o 

| chemical assay method for an amino acid, as Grau and Almauist 2) hawe 
done in their study of the methionine content of various feed protein 

With much the same conviction, Munks, Robinson, Beach, and Willem 

(3) have assessed the amino acid requirements of the laying hen for the pre 

duction of one egg as being equal to the amino acids contained in one egg 

Undoubtedly, this is a good basis on which to assess the net amino ad re 

| quirements, but it mav afford quite uncertain information of.the anine aed 
| intakes from different protein combinations needed to cover these require 
ments. 


Comparison of Chemical and Biological Methods of Assay ng 
Protein Quality 


The study of the relationship bet ween the amino acid constitution of pre 
teins and their value in animal growth may be pursued turther by | ert 
the amino acid contents of certain food products, as determined by roodern 


methods, with the results of rat feeding experiments designed to deteet the 
amino acids limiting their value in the nutrition of growth. For (hie per 
pose, use has been made of the amino acid analyses of food products re 
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cently assembled by Block and Bolling (4),' and later discussed by them (6), 
from the standpoint of nutritional applications. These values have been 
revised and supplemented to some extent by more recent analyses. The 
relative amino acid deficiencies of food proteins in the nutrition of the grow- 
ing rat can be revealed clearly only by a comparison of the proportions of 
the essential amino acids present in the proteins with the proportions exist- 
ing among the amino acid requirements of the rat for growth. These at 
present are unknown. However, in the proteins of whole egg we have an 
amino acid mixture that is very highly digestible and almost perfectly 
utilizable in rodent metabolism, being better than milk proteins in this 
respect. This was first shown by Mitchell and Carman (7) for the growing 
rat and was later confirmed by Sumner (8) for both growing and mature 
rats. For the adult human subject, also, whole egg proteins seem to be 
better utilized than whole milk proteins (9, 10). 

In Table I are given the percentage deviations of the ntact of different 
food proteins in the essential amino acids, in Rose’s sense of the term, and 
also in tyrosine and cystine, from the contents of the corresponding amino 
acids found in whole egg protein.2. The first column of the values represents 
the results of a recent analysis of a dried preparation of whole egg performed 
by one of the authors (R. J. B.).4 The methods used in this analysis will be 
given later. Each value in the other columns expresses the percentage 
deviation in the amino acid content of a specified protein mixture (stand- 
ardized to a nitrogen content of 16 per cent) from that of the proteins of 
dried whole egg. For example, beef muscle proteins, according to available 
analyses, contain 46 per cent less cystine than whole egg proteins, and 12 
per cent more lysine. The amino acid limiting the nutritional value for 
maintenance and growth of the laboratory rat for any particular food pro- 
tein would be that amino acid present in the least amount with reference to 


1 The recent communication of Vickery and Clarke (5), criticizing the method used 


by Block and Bolling of computing the amino acid content of proteins to a uniform © 


protein content of 16 per cent nitrogen, expresses the viewpoint of the protein chemist 
concerned solely with problems of protein structure. The viewpoint of the protein 
nutritionist, however, is entirely different, because the utilization of dietary proteins 
by animals can be studied only by the nitrogen balance sheet method at the present 
time. Hence, an amino acid analysis of a protein is most useful in protein nutrition 


as a chemical description of the nitrogen contained init. From this standpoint, it © 


is entirely immaterial whether the protein contains 15 or 18 per cent of nitrogen; in 


fact, for the most exact appraisal of a protein in nutrition, such differences in nitrogen 


content should be disregarded by computing amino acid contents on a conventional 
basis of 16 per cent of nitrogen. | 7 

2 A somewhat similar use of the amino acid content of whole egg proteins has been 
made by Stare, Hegsted, and McKibbin (11). 


* Dried and solvent-extracted at low temperatures by the VioBin Corporation, | 


Monticello, Illinois, through the courtesy of Mr. Ezra Levin. 


2 
« 
~ 
; 
« 
} 
‘ ? 
| 


J. BLOCK 


MITCHELL AND R., 


H. H. 


4\ 


+ 


Agupry 


outa 
najpos] 


+ 


joog 


eurTu 
| 
9- 
6+ | L+ 
62+ | 9- 
| 
0 
py 


+ “qiew 4 sure 
ci- ci+ 0 
| | | 

c+ | + + ounsty 
eo + 8I+ 19°F 
0 b+ PI+ T'S) 

14699 

dad 

ploe ourmy 


pivpunjy sy 


| 
a 
t. 
ut 
18 i 
| 
| 
es 
| ¥ 
; 
| | ’ 
| | 
| | 
“y 
| 
; 
i 
; 
4 
t 
| 
A 
| 
| | 
, 
| Fi 
| | 
j 
4 
bay 


2LN 


AMINO ACIDS IN PROTE 


* 
. 
* 


CNM NA TOTS 


* 
* 
. 


gad 


Yad Ang nura pars paas pres 


= 


I, 


. 
> 
ware 
\ 


4 
O02 
; 
i= 
~ 
} 
} 
; 
~ 
| 
: 
: 
t 
~ 
i 
€ 
> 
j 
| 
| 
i 
i * 
& 
f 
7 
=a ‘ 


> 


J. 


MITCHELL AND R, 


H. 


A. 


BAVIOAY 


jouw 
On 
Ol 
tie, 
Ib 
C+ 
ot 
G+ 
9-- 


sutajoid 349 Joy sony 


| | 


wits 
ST 
4 [t+ 
| 19 — 
or CS 
—. 
St + 
Lot 
| 


) 


Gon | 
| 
+) 


noy 


| 


co 


way 


VA Suipuodsasion SUOIVRIAIP | 


0S — 
$9 — 
0 

| 


AAV, 


vawyd 
— 

ON 
OOL— 
PS ams 


OF + 


= 


> 


sad 


utajoid 


pepwopuy 


S206 6 


4 
4 
‘ 
an 
a“ 
| NHN TRAN STON A 
| 
4 j ~~ ~ - — 
— 
j 
j fe. 
} ~ 
i 
4 
é 
i é | 
| 
ihe 
4 
; 
; 
‘ 
—~ 
| 
= 
= 
i 
i. 
1 — 
—_ 
oan é 
. 
~ 
4 


604 ACIDS IN PROTEINS 


wha egg proteins; 7. e. amino with percentage deficit 
in Table I. Thus, the limiting amino acid in pea proteins is methionine 
(—76), that in blood ‘serum. oe. isoleucine {—62), and in wheat pro- 
teins lysine (63). 

The “indicated limiting amino » acids” listed at the bottom of Table I are | 
taken to be those essential amino acids in greatest percentage deficit. In 
such deductions, the arginine percentages are disregarded, since the grow- 
ing rat can, to some unknown extent, supplement a dietary deficiency in 
this amino acid by its limited capacity to synthesize it. In view of the 
known relationship of cystine and methionine in metabolism, Whereby | 
methionine is convertible into cystine but the reverse reaction does not | 
occur, the limiting factor between these two was assumed to be methionine, 
or methionine plus eystine, whichever percentage deficit is the greater, — 


The latter designation means that the protein In question is supplemented 


fully by methionine and to some extent by cystine also. The same rela- 
tionship exists between tyrosine and pheny lalanine, but the. necessity of | 
distinguishing between these amino acids i in this connection has not: arisen : 
in the construction of TableI. | 
The extent to which food proteins will ina 
ration will depend upon the identity or non-identity of their limiting. amino — 
acids, and, if they are not identical, upon the relative prominence of a com- 
mon deficiency in other essential amino acid. Thus, whole milk pro- 
teins should obviously supplement. rice proteins because the limiting amino — 
acid in the one case is cystine plus methionine and in the other ease lysine, 
but the extent. cof supplementation would presumably be slight because rice 
proteins are: also rather seriously deficient in amino 
acids. : 
uses. the in Table I he ty the fact 
that several methods of amino acid analysis are still quite imperfect. : 
7 he main purpose of presenting the data summarized in Table t is sw 
comp are: the amino acid contents of f ood proteins with reference to the con- 
tents in whole ege proteins, with the results of rat feeding experiments de- 
siened to detect the limiting amino acids in the same food proteins. The 


largest percentage deficits in essential amino acids for the various food pro- _ 
teins considered.in Table l are in harmony with the following conclusions 
as to the amino acids limiting the oe values of the proteins 


for the rat. 
The proteins of whole milk (12), beef (13), soy beans (13-15), the peanut 
(16, 17), yeast (18), the. pea (19), and casein (20, 21) are deficient in cystine 


or methionine or both. “On the other hand, lactalbumin is definitely not 


deficient in cystine (21). 
‘The proteins of wheat (13); oats (8), rye (22), corn ( 13, 23), rice (24), and 
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cottonseed (25) are deficient in lysine. The supplementation of corm and 


oats with lysine results in distinct, though slight, increase in growth-pre 
moting power (13, 23) because of the interposition of secondary deficiencies, 
identified as tryptophane for corn proteins, but unidentified in the case of 


oat proteins. The data of Table I suggest that the second deficieney in oat 


proteins may be methionine. 

Light and Frey (26) present evidence that white flour proteims are de- 
ficient in valine as well as lysine, a conclusion that finds some support in 
the values given in Table I for this food product, but the methionine and 


isoleucine deficits seem even more severe. 


The proteins of blood plasma are primarily deficient in isoleucine (27). 


- Hemoglobin, which is 79 per cent (or more) deficient in isoleucine, seems to 


be improved as a source of protein for the growing rat by a supplement of 


_ this amino acid (28). 


Hegsted, Hay, and Stare (29) in their recent study of the nutritive value 
of human plasma fractions, employing the ad libvtum feeding technique with 


young rats, found that serum albumin at a 20 per cent dietary level barely 
- supported maintenance of body weight. The addition of isoleucine to the 


diet definitely improved the growth-promoting power of the ration, while 
the further addition of tryptophane brought about a marked improvement. 
Tryptophane alone had no appreciable effect. ‘The values given in Table 


_ JI, similar in significance to those in Table I, show that the greatest per- 


centage deficits of serum albumin are 80 for tryptophane and 75 for ise 
leucine. These deficits in amino acid composition agree reasonably well 
with the biological tests reported by the Harvard group. 

- However, the amino acid constitution of proteins, as it is presented in 
Tables I and II, is not always in good agreement with reported biological 
tests with growing rats. Thus, the data of Table I indicate that soy bean 


: - proteins are deficient in methionine, although they are also supplemented 
by cystine (13-15). For alfalfa proteins, the greatest percentage deficit 


is that for isoleucine, although the biological evidence seems clear that they 
are deficient in cystine and methionine (30,31). Marais and Smuts (32, 33) 
have reported evidence that linseed meal and sesame seed meal are im- 


- proved in growth-promoting value by supplementation with cystine rather 


than with lysine, as the chemical data indicate. The fact that these work- 
ers use rats of much greater initial weight than usual may partially explain 
this discrepancy, a comment that is prompted by the fact that some of the 
results obtained with the technique of these workers do not harmonize 
with results secured in other laboratories, for example the failure to demon- 
strate a methionine deficiency in peanut meal (33) and a lysine deficiency 
in oats (32). | 

_ The computations in Table I may be used to compare the amino acid 
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compositions of food proteins expressed as percentage deviations from the 
amine acid contents of the proteins of whole egg, with their biological values 
for the growing rat, as determined by the nitrogen metabolism method, 
developed by Mitchell (34, 7).4. One might expect that the proteins leas 
deficient in any limiting essential amino acid would possess a higher bio. 
logical value than one more deficient, and that in general it would be pos. 
sible to arrange food proteins in the order of decreasing biological efficiency 
by placing at the head of the list the protein whose limiting amino acid js 
least deficient, as compared with a nearly perfect mixture of amino acids 
such as is found in whole egg proteins. The other food proteins would then 


TaB_Le [I 
Relative Nutritive Value of Blood Proteins As Revealed by Their Amino Acid — 
Constitution 

| Whole Percentage deviation from whole egg values 

exe 

Whole serum | Serum aibumin Fibrin +-Globulin 

‘ 

per cent | 
| 6.4 —5 | 4-99 —25 
4.5 +-20 +18 +29 
Phenylalanine........ 163 —14 +22 | 
| +13 | +127 | +98 
| -2.4 +54 +171 —21 | +29 
Cystine + methionine....... (658; | —23 | $5 
Leucine... 10.2) | +29 +652 | 
18 —4 | =—18 | +38 
Indicated limiting amino | “TIsoleu- | Trypto- Isoleu- Methionine 

Greatest deficit. | SO 73 


follow in the order of the percentage deficits in their respective limiting 
amino acids. | 

Table TT was compiled to reveal such a relationship. The limiting amino 
acids are those indicated by biological assay, or, in the absence of such in- 
formation, they are identified as those acids present in the protein in the 
least amount relative to whole egg. The percentage deficits in the third 


* Recent improvements in the method relate to equalized feeding by paired rats 
on comparative diets, the use of a feces marker, and apportioning the endogenous 
urinary N in proportion to the three-fourths power of the body weight rather than 
with body weight itself. 
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column are taken directly from Table I. The biological values and digest. 
ibilities of protein, occupying the next two columns, are taken from pub- 
lished and unpublished data secured in the Division of Animal Nutrition 
of the University of Illinois, except for lactalbumin, rice, sesame seed, and 


| [II 
Relation between Percentage Deficits in Limiting Essential Amino Acids with Reference 
to Whole Egg Proteins, and Biological Values of Proteins 


Protein source Limiting essential amino acid compe ehiliey 

Beef muscle Cystine +- methionine Th 
Isoleucine 30 rv) “7 4h) 
Egg albumin. Lysine 3! 
Cow’s milk Cystine + methionine 32 
Lactalbumin Methionine 34 st 
Beef kidnev _... (‘vstine + methionine 35 
heart [soleucine 50 74 

Cystine + methionine i2 73 
Sunflower seed Lysine ‘7 O5 ‘7 
Soy bean Methionine 5] 75° ‘7 
Rolled oats Lvsine 43 
Yeast, average..... Cystine + methionine 
White rice Lysine Ts 
Corn germ........ Methionine 6! 7s 
Sesame seed... Lysine 61 re v2 
Wheat germ ........ Isoleucine 75 
Whole wheat........ | Lysine H3 70 
Gelatin Tryptophane 100 253 

* The biological data were secured with heated sov flour 
t The digestibilities and biological values given are from unpublished data secured 


on growing rats in the Diviston of Animal Nutrition, University of Illinois 


{ The biclogical data were secured with “‘ pork cracklings”’ consisting essentially 


of connective tissue. 


the pea. ‘The literature references in the last column of Table ILL denote 
the source of the biological data. 

Inspection of Table III reveals a correlation between the chemical aad 
the biological evaluations of food proteins in that the lower biological values 
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tend to gravitate tow ard the foot of the — while the better proteins are 
found at the top. 

The correlation coefficient of percentage deficits in ‘limiting essential 
amino acids and biological values is —0.861 by the product-moment 
method, in which perfect negative correlation is represented by —1.000. 
[t is worthy of note that little or no correlation exists between amino acid 


deficits and coefficients of digestibility, with r = —0.366. If the latter 


correlation is a significant one, it exists, not because of any inherent rela- 
tionship between the content of proteins in essential amino acids and their 


Y=biological value 
My = 68.3 
6y= 13.4 
X=% amino acid deficit 
53.8 
6x2 18.2 
~0.86l 
%P 
Regression equation— 
Y¥=102-0.634 X — 


20 


% Deficit in Limiting Essential Amino Acid. 


40 60 680 100 120 
BIOLOGICAL VALUES 


Fic. 1. Correlation between the chemical constitution and the biological values 
of proteins. 


digestibility by enzymes, but because of the association of plant proteins of 
lower biological value with polysaccharides such as celluloses and hemi- 
celluloses that, as Mendel and Fine (45) showed many years ago, impair 
proteolysis by imposing indigestible barriers between protease and substrate. 

The degree of correlation between the percentage deficits in essential 
amino acids of proteins and their biological values, as was determined by 
the nitrogen metabolism method, is shown graphically in Fig. 1. The 
regression equation for the prediction of biological value (y) from the maxi- 
mum percentage deficit in essential amino acid (x) is y = 102 — 0.634z. 
This equation means that with zero deficit the biological value should be 
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100, the difference between 102 and 100 being an error of random sampling. 
For a percentage deficit of 100, the biological value should be 39. [t seems 
reasonable to qualify this latter statement to apply only to proteins whose 
biological efhiciency is limited by the complete absence of an amino acid 


essential for growth but not for maintenance, such as histidine. Other- 


wise, the replacement of endogenous losses is impaired, as well as the ability 
to support growth, so that the biological value possesses a somewhat dif- 
ferent significance. With gelatin, tryptophane, the first limiting amino 
acid, is required for maintenance as well as for growth, and the biological 
value of 25 is for this reason, perhaps, somewhat less than the prediction, 39. 

Hegsted, Hay, and Stare (29) compared the growth-promoting value of 


‘ gerum albumin, fibrin, and y-globulin from human plasma with young rats 


fed ad libitum in rations containing 20 per cent of protein. The albumin 


_ proved to be the poorest, the fibrin definitely and markedly the best, almost 


as good as the proteins of skim milk powder, and y-globulin was of inter- 
mediate value. The maximum percentage deficits in essential amino acids 
for these proteins, given on the bottom line of Table Il, agree with this 
biological evaluation, the deficits being 37 for fibrin, not much more than 
the 32 for milk proteins given in Table III, 73 for y-globulin, and 80 for 
albumin. 

There are obvious imperfections in the correlation of chemical and bic- 
logical data summarized in Table III. These imperfections may in part be 
traceable ultimately to inaccuracies in the data. The average biological 
values determined in the Nutrition Laboratory of the University of Hlineis 
will have a standard error of about 1.2 (35). The percentage delicits in 
limiting amino acids, being difference values, may be subject to a much 
greater error. But there are other disturbing factors in the picture. The 
biological values relate to the total nitrogen content of the food material, 


while the amino acid analyses may not. In Table III the anima! tiseues, 


muscle, liver, kidney, and heart, rank higher on the chemica! seale than on 
the biological scale. All of these tissues contain considerable amounts of 
non-protein nitrogenous substances possessing little value in relation to the 
animal functions that dietary protein serves. The biological values of the 
true proteins in these tissues may be appreciably higher than those of the 
conventional proteins (N xX 6.25). 

Wheat germ and corn germ proteins, on the other hand, are rated mue)h 
lower on the basis of their chemical structure than on that of their biologiea! 
performance. The explanation is not at all obvious. The high nutritive 
value for peanut protein that has been secured by another method of bic- 
logical assay than the biological value in the sense of Thomas (46) finds no 
support from the chemical data reported in Table I. 

_ Another possibility is that an imperfect correlation actually describes the 
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situation, other factors than the amino acid constitution of proteins being 
involved in their nutritive availabilitv. One illustration of the operation 
of such factors is afforded bv the changes occurring in seed proteins on ger- 
mination. Everson ef al. (47) showed that germination of soy beans greatly 
improved their nutritive value for growing rats, as measured by the gain 
secured per gm. of protein consumed, without improving the digestibility of 
nitrogen. This observation was confirmed for rats, but not for chicks, by 
Mattingly and Bird (48). However, Block and Bolling (6), by analyses for 
tyrosine, tryptophane, phenylalanine, cystine, and methionine, were unable 
to detect any change in soy bean protein during germination for 96 hours. 
Since the amino acids limiting the biological value of soy bean proteins are 
cystine and methionine, their constant proportion in the protein molecule 
during germination would not lead one to expect any change in nutritive 
value. 


Effect of Heat on Proteins’ 


When feod products are heated, their proteins are known to undergo cer- 
tain changes in nutritive value. The digestibilitv may be improved (49) 
or depressed (12) and the biological value may-be similarly changed. The 
improvement in the digestibility and the biological value of certain of the 
legume proteins is a striking phenomenon (50, 37). Soy bean proteins have 
been studied most thoroughly in this connection, and it has been shown that 
the raw, as well as the heated, proteins are deficient in the sulfur-containing 
amino acids. In some way, heat renders these amino acids more available 
in nutrition, obviously without changing the content of essential amino 
acids. The report of Ham, Sandstedt, and Mussehl (51) that the applica- 
tion of heat to soy beans destroys a proteolytic-inhibiting substance in the 
raw bean may partially explain this phenomenon. The position of soy bean 
proteins in the rankings attempted in Table III supports a correlation be- 
tween limiting amino acid deficiencies and biological value only when the 
maximum biclegical value of the heated product is considered. The raw 
prediuct, with a biological value of 59 (37), would be distinctly out of line 
with the other proteins. Evidently the application of heat is necessary to 
atiain the full potential nutritive capacity of soy bean proteins. 

The protein of the pea possesses a low biological value and its chemical 
rating is also low (see Table III). On heating, its nutritive value is de- 
pressed (19). The cereal proteins and the proteins of milk, which also are 
impaired by heating, each seem to have comparable chemical and biological 
ratings. On the basis of these facts, one might be tempted to venture the 
prediction that, in such a listing as is illustrated in Table II, food products 


5 The original data presented in this section were secured with the aid of funds con- 
iributed by General Mills, Inc., of Minneapolis, Minnesvia. 
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whose unheated proteins are ranked much lower by an adequate biclogica! 
assav than by a chemical appraisal of the tv pe here used would exhibit an 
improvement in biological value on heating, while those food proteins whose 
biological assays and chemical] ratings show reasonable agreement would ex- 
hibit a decrease in biological value on heating. 

The most usual effect of heat on the nutritive qualities of food proteins & 
a depressing one, Well illustrated by the recent work of Stewart, Llemeles 
and Peters (52) on oats and mixed cereals. 

We would lke to present a somewhat intensive study of the changes that 
occur in cereal proteins during heating, first, with reference to their digeeti 
bility and biological value for the immature and the mature rat. end, then. 
with reference to the content of raw and heated proteins in the essential 
amino acids. 

The cereals studied were an oat-corn-rye mixture sold as a breakfast 
food,* and rolled oats. The method of assay of protein (nitrogen) digesti- 
bility and biological value was essentially that deseribed by Mitehell (34) 
with young growing albino rats, and, later, mature rats. 

The average digestibilities and biological values of the nitrowen of the 
unheated, the partially processed (pelleted), and the fully oreceamed (es 
ploded) cereal mixture are given in Table IV, together with the reeults ob 
tained with raw and cooked rolled oats. The differences between overage 
results, with their standard errors, are as follows: 


Cereal mixture, unprocessed rs. 2.84 = 0.74 & 
pelleted 
Cereal mixture pelleted rs. fully pro- 
cessed 
Cereal mixture, unprocessed rs. raw 
rolled oats 
Rolled oats, raw rs. cooked > 
Such an analysis reveals that the pelleting of the cereal! be 
nitely depressed the digestibility of the protein, without apr afters 
ing its biological value. Further processing, involving treatmme eve fee 
high steam pressure (gun explosion), definitely and Le wwe rere 
both the digestibility and the biological value of the protein he raw 


rolled oats contained protein definitely, if only slightly, experi» r 
logical value to the protein of the oat-corn-rve mixture, ‘+ 
digestible. Cooking the rolled oats in accordance with the m ne level 
domestic practice probably lowers the digestibilirw of the | oe. onel 
increases shightlv the biological value. 


® Puffed oat cereal No. 1. 
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The data reported in Tables V, VI, and VII were obtained with growing 
rats in a succession of three experimental periods, the st andardizing period 


IV 
True Digestibility and Biological Value of Nitrogen of Cereal Products before and after 
Processing, for Growing Rats* 7 


“ | No: of | 
Products | True digestibility Biological vaiue 
| t.ons 
y | | per cent per cent 
Oat-corn-rye mixture, unprocessed........ | 12 | 91.67 + 0.56 | 62.67 + 0.48 
pelieted:. | 12 | 88.83 + 0.49 | 62.25 + 0.56 
‘¢  ¢ fully processed . 24 | 85.25 + 0.53 | 50.78$ + 1.10 
30 | 92.30 +0,43 | 64.77 + 0.55 
| 24 | 90.67 + 0.53 | 67.63 + 0.83 


* These determinations were carried out in the research laboratories of General 
Mills, Inc., by Miss Claire A. Frederick under the supervision of Dr. C. G. Ferrari, 

7+ Puffed oat cereal No. 1. 

t Average of eighteen determinations. 


TABLE V 


True Digestibility and Biological Value for Growing Rats of Nitrogen of Oat-Malted 
Wheat Flour Mixture before and after Heat Processing (Gun Explosion) 


Processed mixture* | | Unprocessed mixture 
Rat No. Period No. Period No. | 
True | Biological True Biological 
digestibility | value | digestibility value 
per cent per ceni per cent per ceni 
95 M. 1 86 53 3 90 64 
97 “ 1 83 50 3 91 64 
99 “ 1 87 53 3 94 65 
101 F. i 83 53 3 91 65 
103 “ 1 85 ol 3 94 70 
06 M. 3 83 53 . 1 91 70 
eg 3 83 ol 1 92 64 
100 “ 3 S4 53 1 92 70 
102 F. 3 80 49 1 94 64 
104 “ 3 $2 4 1 90 59 
$4.1 61.8 | 91.9 65.5 


* Puffed oat cereal No. 2. 


being the second, while the first and third periods were planned so that each 
rat received each of the test foods, half of them in one order and half in the 
reverse order (for further details of the procedure, see (37)). | 
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Tasie VI 


Tue Digesttbility and Biological Value for Growing Rats of Nitrogen of Prec ot 
Oat-Malted Wheat Flour Mizture* and of Rolled Oats 


Rat No. Period No. | — Period! No 
Tr Biologic True @! 
| digestibility | digest »elue 
| per cent | per cent ons pe? 
55 M 1 | 88 | 61 | 3 60 
57“ 1 S4 | 48 | 3 | 91 65 
59 1 | Pate! 50 | 3 | 03 
61 F 1 | 48 | 68 
63. 1 87 | 73 
56 M 3 90 52 1 
58 “ 3 87 50 | 1 | “7 
62 F 3 7 55 1 91 Ss 
3 89 56 1 58 
Averages............ | 86.8 50.9 | 92.9 66.0 
*Puffed oat cereal No. 2. 
Tasie VII 


True Digestibility and Biological Value for Growing Rats of Nitrogen of Uncooked 
Rolled Oats and of Oat-Corn-Rye Mixture* 


| Rolled oats Oat-corn-rye mixture 
Rat No. Period No. | Period No. | 
_ True. Biological | Biclo gical 
digestibility value | digestibility vahie 
per cent per cent | oer cant | per cand 
115 M. dl 91 67 | 3 vO | 63 
7 “ 1 89 71 | 3 | 92 | 6 
119 F. 1 90 73 | 3 | 91 62 
121 “ 1 93 68 | 3 92 63 
123 M. 1 90 | 67 3 | 93 } 2 
125 “ 1 9 65 3 93 Ort 
116 “ GO 67 l M 
Lis 3 G1 66 | l 
120 F. 3 90 68 ae 92 7 
“ 3 89 69 l Of 71 
124 M. 3 91 67 l 92 , & 
126 3 92 67 93 63 
90.6 67.9 92.2 4.1 


* Puffed oat cereal No. 1. 


4 
ug 
q 
f 
vef 
4 
3 
ral 
| 
4 
ted 
4 
4 
| 
‘ 
| 


614 AMINO ACIDS IN PROTEINS 


With a slightly modified cereal mixture consisting mainly of oats, it is 
apparent from Table V that the gun explosion process lowered the digesti- 
bility of the proteins by 7.8 percentage units and the biological value by 13.7 
percentage units. The proteins of the processed cereal mixture were also 
inferior to the proteins of rolled oats, both in digestibility and in biological 


value (Table VI). The oat-eorn-rve mixture, unprocessed, contained 


TaBLeE VIII 
Replacement Value of Nitrogen of Processed Oat-Corn-Rye Mixture* on That of 
Unprocessed Mixture for Adult Male Rais, Comparing Each Rat with Its 
Pair Mate in Same Experimental Period . 


fitrogen Nitr Yifference in | 
day per day 7 bulance 
1 21 Processed mix 119 | 2.31 
23 Processed mix +3.86 
24 Unprocessed mix 120 422.58 18.72 
25 Processed mix 119 —4.66 
26 _ Unprocessed mix 120... 30.30 7a 
27 | Processed'mix 119 £+1.63 
28 Unprocessed mix 16.06 13.43 89 
| 29 Proeessed mix 127 +-2.44 
30 | Unprocessed mix 128 —2.91 104 
2 2] Unprocessed mix +9.57 18.81 | 
22 Processed mix | | —9 
23 Unprocessed mix 84. +-6.59 14.90 | 
24 Processed mix. Si | 
25 Unprocessed mix S4 —2.00 92 
| 26 Processed mix S4 —8.75 
| 27 Unprocessed mix S 9.98 $8 
28 Processed mix S4 —S8.16 
29 Unprocessed mix 13.64. 85 
30 Processed mix —11.98 | 


* Puffed oat cereal No. 1. 
sumewhat more digestible proteins than rolled oats, but with a somewhat 
inferior biological value (Table VI1). | 

Additional evidence of the injurious effects of the gun explosion process 


on the nutritive value of the proteins of cereals is afforded by the data 


collected in Table VIII on the nitrogen metabolism of mature albino rats. 
In these experiments, the rations contained only 4 or 5 per cent of the test 
proteins, as contrasted with the tests on the growing rats, which received 
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rations containing about 10 per cent of protein. The lower protein require- 
ments of maturity, as compared with adolescence, dictated such a change 
In the two experimental periods, the diets were reversed for all rats, and « 
system of paired feeding was adopted whereby paired rats received equal 
amounts of their respective diets. The nutritive efficiency of the compars- 
tive proteins was judged entirely on the basis of the nitrogen intake and the 
balance of nitrogen. The replacement values of processed on unprocessed 
cereal proteins were computed in accordance with the scheme proposed by 
Murlin, Nasset, and Marsh (53); namely, 100 minus the difference in ait re- 
gen balance on the two test proteins expressed as a percentage of the intake 


of nitrogen. In the present case, a replacement value less than 100 indi- 


cates the inferiority of the processed protein. 

In nine of the ten comparisons presented in Table VIII, the proses ced 
protein proved to be inferior to the unprocessed protein. The average re 
placement value was 86.6, indicating a heat damage of 13.4 per cent. In. 
spection of the complete data of this experiment reveals that this danswag 
results in about equal degree from an impairment in digestibility and an 
impairment in metabolic utilization, as measured by the biological value 

The data presented above reveal a marked depression in the digestibalits 
and the biological value of the proteins of cereal mixtures sulsjeetert to the 


extreme heat of the gun explosion process of breakfast food mam: scture 


This depression is evident in the nutrition of maturity, as well a= «9 ade 
lescent nutrition. However, when these “puffed” cereals are consumed 
with the usual proportions of milk, the nutritive value of the mixed pre 
teins is high, owing to the marked supplementary relations existing between 


the proteins of cereals and of milk.’ 


The data also reveal that oat protein, subjected to domestic cooking, is 
not impaired in nutritive value, but that the protein of uneooked rolled 
oats is definitely superior to that of the cereal mixtures tested, «hether 


_ processed or unprocessed. 


_ In order to determine whether these changes in nutritive value of cereal 
proteins were associated with changes in their contents of the essential 
amino acids, analyses for the latter were carried out by one of us It Jo 

upon the unprocessed, the pelleted, and the exploded cereal mixtur i 
upon uncooked rolled oats. The results are assembled in Table (IN. The 
methods used in these analyses are indicated in Table XN. These meth obs 
were the same as those used to obtain the amino acid content of whole exe 


* Thus, the heat-damaged cereal mixture, for which data are reported in Table \ 
when consumed (by growing rats) with a 1:1 milk-cream mixture in the proportion | 
1 part of dry cereal to 4 parts of milk-cream, exhibited a protein digestibility of @) per 
cent and a biological value of 85. These values apply, of course, to the mined 
proteins. 
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TaBLe IX 


Amino Actd Content of Processed and Unprocessed Cereals; All Values Calculated t 
Protein Containing 16 Per Cent Nitrogen 


| Oat-Corn-Rye Mixture* | 
Amino acid Rolled oats 
per cent per cent per cent per cent 
5.0 5.4 5.0 5.8 
Ne ! 1.9 2.0 2.1 1.9 
2.0 2.3 1.9 
4.3 4.1 4.0 4.1 
Phenylalanine ......... 5.6 5.5 6.0 5.4 
Methionine.......... <e 2.4 2.4 2.5 2.1 
3.6 3.9 3.5 33 
8.8 8.7 8.8 8.9 
5.6 5.4 5.4 4.9 
6.2 6.0 5.8 | 5.5 
* Steps in the manufacture of puffed oat cereal No. 1. 
A. 
Amino Acid Methods Employed 
No. of 
Amino acid Method Type of hydrolysis aire — 
lyses nations 
Arginine....... | Kossel-Bloek isolation 8 N H.SO, 4 4 
Histidine..... ..| 4 4 
Milion-Lugg colorimetric | 5‘‘ NaOH 2 8 
Phenylalanine...| Kapeller-Adler 2 12 
Tryptophane....| Millon-Lugg 2 8 
Cystine.........| Fleming-Vassel Formic acid-HCl 2 8 
Methionine ..... McCarthy-Sullivan colori- | 18% HCl 2 6 
metric 
Threonine....... Block-Nicolet oxidation i 2 6 
Microbiological 2 20 
Isoleucine....... 2 20 


proteins (Table 1), with the following exceptions: threonine was determined 

by the oxidation method of Shinn and Nicolet (54), and lysine by the micro- 

biological method of Dunn eé al. (55), as well as by isolation as the picrate. 
It will be noted from the data in Table IX that the amino acid content of 
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the proteins of the oat-corn-rye mixture has not been altered appreciably, 
either by the heat involved in the pelleting process or by the more severe 
heat used in the gun explosion process. In particular, the lysine content 
shows no evidence of impairment, a fact of interest because lysine is the 
amino acid limiting the nutritive value of cereal proteins. Here we have, 
therefore, a definite impairment by heat of the digestibility and biological 
value of the proteins in a cereal mixture (Tables V and VIII), with oo 
apparent destruction of the essential amino acid, lysine, limiting the bio- 
logical utilization of the proteins (Table IX). Block, Jones, and Gers 
dorff (56) showed that the lysine content of casein was not impaired by ex- 
posure to dry heat at a temperature of 150°. It was suggested that this 
treatment may have brought about a molecular rearrangement “so that a 
part of the lysine precursors (rests) become resistant to enzymatic degrada. 
tion.”” The formation of a new peptide linkage between the «amino group 
of lysine and a free carboxyl group of other amino acids is a possibility. 

The data of Table [X fail to suggest, much less indicate, any essential 
difference in the protein value of rolled oats and of the oat-corn-rye mixture, 
although the results of the test on immature rats presented in Table VII 
reveal a very distinct superiority in nutrition of the proteins of oats over 
those of the mixture, and Table VI presents evidence on growing rats of the 
superiority of oat proteins over those of a similar cereal mixture. DPosubly 
those differences in biological value are well within the analytical error of 
amino acid methods. 

A depression of the nutritive value of proteins by heat without involving 
amino acid destruction is conceivable on the following grounds. (1) The 
digestibility of the protein may be depressed without incurring amino acid 
destruction, as Seegers and Mattill (57) found for heated liver preparations. 
(2) A decreased digestibility may involve the elimination in the feces of « 
protein fraction containing disproportionate amounts of certain amino 
acids, as Jones and Waterman (58) found for the protein, arachin. (3) 
The application of heat to a protein may promote certain combinations 
between terminal groupings that are resistant to proteolytic action, re 
sulting in atypical peptides that may be absorbed as such (59, OO) and 
excreted in the urine. 


SUMMARY 


1. The relationship of the amino acid constitution of a protein, or of the 
protein component of a food product, to its nutritive value for the growing 
rat can be best revealed, in the absence of accurate values for the an.ino 
acid requirements, by computing for each protein, or protein moiety, the 
percentage deviations of the contents of each essential amino acid, expresseu 
per 16 gm. of nitrogen, from the corresponding contents of a protein mix. 
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ture, such as that of whole egg, that is almost completely digestible by the 
rat and utilizable in adolescent metabolism. This has been done for a series 
af twenty-eight proteins and protein mixtures for which satisfactory an- 
alvses have been secured for all of the essential amino acids. 

2. From such computations, the essential amino acid limiting the nutri- 
tive efficiency of the protein will be revealed as that one whose percentage 
deficit from that of the standard protein (whole egg’ is the greatest, due 
consideration being given to the reciprocal relation existing between cystine 
and methionine in anabolism. The limiting amino acids thus indicated 
os with those determined in feeding experiments with only one or two 

ceptions. 

3. The proteins of foods may be ranked in the or der of decreasing nutri- 
tive efficiency on the basis of increasing percentage deficits (as above de- 
fined) in their respective limiting essential amino acids. ‘These percentage 
deficits are highly correlated (r = —0.86) with the corresponding biological 
values determined by the nitrogen metaholism method. Little or no 
correlation exists between the chemical ratings of the proteins and their 
digestibility by the growing rat. 

4. The biological value of a protein (yj) may be roughly estimated from 
its maximum percentage deficit in an essential amino acid (x) by the equa- 
tion: y = 102 — 0.634-. 

However, there are known instances in which the biological value of 
a protein, or protein- mixture, and its chemical rating do not agree, for 
various reasons discussed in the text. Oe 

6. In partieular, the nutritive value of cereal } sroteins may be greatly 


impaired by the application of heat. with | no dem onstrated some in 


their content of the essential amino zeids. 


A basis for predicting the effect of heat on the » biological value oka | : 


protein is sug d. 
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CHANGES IN THE INORGANIC CONSTITUENTS OF 
DEVELOPING SALMON EGGS* 


By F. R. HAYES, D. A. DARCY, anno C. M. SULLIVAN 
(From the Zoological Laboratory, Dalhousie University, Halifar, Nova Scotia) 


(Received for publication, January 17, 1946) 


Changes in the distribution of sodium, potassium, calcium, magnesium, 
ehloride, and phosphorus have been followed during the early development 
of Salmo salar. Needham (1) gives the constitution of undeveloped fish 
eggs; the literature on changes during development is referred to below. 

A sample of unfertilized celomic eggs from one fish was bottled in celomic 
fluid for analysis, and the rest of the eggs from this female were moved from 


the hatchery to the laboratory 2 days after fertilization and reared there 
The analyses given below of celomic fluid, celomic eggs, and water-hardened 


eggs 2 days after fertilization all refer to products of this same parent 


salmon. When the eggs from the first fish were used up, those from a see- 


ond one were brought in, and still later eggs from a third female were 
used, the work being continued up to the time of complete absorption 
of the yolk sac. The first lot averaged 118 mg. in celomic fluid and 138 mg. 
when developing; results from the second and third lots have been recal- 
culated to this basis. Weights of yolks and embryos were obtained in 
part by direct weighing and in part from unpublished data of Armstrong. 
Yolk is taken as 59 per cent water and embryo as 86 per cent water (2). 
Fertilization has been called —50 days and the central hatching date 
zero; intermediate times were recalculated accordingly. In placing the 
batches with reference to one another, use was made of the stages de- 
scribed by Pelluet (3). 


Methods 


Analyses were made of the whole eggs, larvae, yolks, and embryos. 
A larva is an embryo with the yolk sac attached or, expressed differently, 
the whole egg minus capsule and perivitelline fluid. Dissection of the 
embryo from the yolk sac was first practicable at — 18 days. 

. Preparation of Samples—Wet ashing with nitrie acid in a Kjeldahl 
flask (4) was successful but required 50 hours. A great shortening of 
time was made possible by the perchloric-nitric method of Ning (5). 
As an alternative to ashing, trichloroacetic acid extracts were made. 
The material was first frozen on sand in a mortar; it was then ground 


* Investigation aided by grants from the Penrose Fund of the American Phi losophi- 
cal Society and the Canadian National Committee on Fish Culture. 


621 


4 
: 
| 
= 
i 
; 
} 
€ 
i 
i 
| 
; 
4 
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until smooth, with gradual addition of acid, and quantitatively trans. 
ferred to a centrifuge bottle, shaken for 10 minutes, centrifuged, and filtered, 


the resultant clear solution being used for analvsis of all four metals as_ 


well as phosphorus. Usually 50 to 100. specimens were subjected to ashing 
or extraction. 

Potasstum---The method followed was that of Kramer (06), ceric sulfate 
being used in the final titration (7). 

Sodium—The procedure was basically that of Ball and Sadusk (8), 
suggested modifications (9) being found unnecessary. 

Magnesium—The method was that of Greenberg ef al. (10, 11), caleium 
and iron being removed as a preliminary. 

Caleium—The method of Larson and Greenberg (12) was followed, 
certain modifications (13, 14) having been tried and found unnecessary. 
Chloride—The method of Van Slyke (15) was used. 

Phosphorus—-For the inorganie fraetion the trichloroacetic acid extract 
was used; total phosphorus was determined in dissolved wet ash. The 
-olorimetric method of Fiske and Subbarow (16) was followed. 

Sicarbonate-—The bicarbonate value of the celomie fluid was kindly 
obtained by Dr. E. C. Black, for whose methods see earlier papers (17, 
18). All of the COs was ealeulated as bicarbonate. As to eggs, the bi- 
carbonate figure for volk was obtained from data for Salvelinus fontinalis 
of Irving and Manery (19) who found 1.39 volumes of CO, per cent wet 
weight during earliest development, half of which was bicarbonate. Taking 
an egg as 67 per cent water (20) and dividing by the gm. molecular volume, 
one obtains 


1.39 10 


67 


= 0.5 


milliequivalent of bicarbonate per kilo of egg water, a neghgible amount. 


Celomic Eggs and Celomic Fluid 


The ovarian or celomie fluid, which appears rather suddenly just at 
the time of hatching (21), is clear, limpid, and slightly translucent. It has 
1.30 per cent of solids, a specific gravity of 1.0070 at 20°/4°, and contains, 
in milliequivalents per kilo of water, Na 151, K 3.2, Ca 7.1, Mg 2.6, Cl 
116, HPO, 4.0, HCO; 13.4. In the Salmonidae the ripe eggs lie freely in 


the celom. Fig. 1 compares celomie fluid with the eggs in it, the latter | 


being called “early yolk.” 
The conclusions to be drawn from Fig. 1 are that in the celomic fluid (1) 


sodium is the dominant base, and chloride is the dominant acid; (2) the | 
base found is 31 milliequivalents in excess of the acid found, which indicates 


that protein is used for binding base; (3) the relative distribution of ions 
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HAYES, DARCY, AND SULLIVAN 25 
is in accord with analyses of sea water and vertebrate serum (22>. om Uy 
celomic eggs (4) potassium is the dominant base, but large proportions of 
ealeitum, magnesium, and sodium are found as well; (5) there is a large 
excess of base over acid, namely 204 milliequivalents, to be accounted for 
by assuming that some of the protein is used for base-binding, and the! 
most of the Ca and Mg is not ionically active (see below ). 

The freezing point depressions, A, of celomic eggs and celomic fund have 
been calculated from base to see whether the analyses are in general agree- 
ment with A as directly observed. Some values from the literature tor 


LATE EMBRYO 


eee 


Rese 


NG Nai MEG. Pen KG. WATER 
0 50 100 150 200 250 300 


Fic. 1. A comparison of the ionic constitution of the celomice Maid, wolk, and 
embryo. The cryoscopic line is based on data from the literature. Only imorgantc 
phosphorus is considered, and it has been assigned o valence of 2 in the celemmic 
fluid, 1 in the yolk, and 1.8 in the embryo. 


this quantity are assembled in Table I together with our own ealeulatiom 
From Table IT the following conclusions may be drawn: (1) Rine eaee ip 
the celom are somewhat hypertonie to the b dood | 25. 26). while the « 
fluid is markedly hypotonic to blood (21, 23, 24). The folleulor 
the cow and pig is also hypotonic to blood (27). (2) The total hae the 
celomic fluid accounts correctly, on assumptions made. for the oammetic 
pressure reported in the literature, while the total hase of the eae when 
assumed to be osmotically active, gives results that are ome-third bigher 
than reported ervoscopic measurements (present work 3) Uf im the 
eggs only Na and K are considered as participating in osmotic aetiwit 
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the calculated A is only slightly lower than the observed A (present work), ae 


If it is assumed, as is usual, that all or nearly all of the Na and K jg 
active, it follows that only a small portion, 10 to 15 per cent, of the Ca and 
Mg is osmotically active, the remainder being organically bound. 
Schmidt-Nielsen and Schmidt-Nielsen (26) found that the juice from 
cooked salmon muscle gave a A value of 0.994, or about the same as our 
calculated total base value for eggs. Some bound salt was doubtless 
liberated by the boiling. In the yolk of the hen’s egg, A calculated from 
analyses is 1.22, while the observed value is only 0.60 (28). The value of 
A for chick yolk has been reported as even lower; namely, 0.42 to 0.45 


TaBLe [ 
Comparison of Observed Values of Freezing Point Depression, A, of Anadromous 
| Saimonids in Fresh Watér at Spawning Time with Calculated 
Resuits of Present Analyses 


ul 


Celomic Eggs in 
Blood fluid 


Salmo salar Atkins (23), 1 female 0.560 
This paper, calculated from total 0.555 0.948 
base 
This paper, calculated from Na and 0.599 
K only 
salvel- | Bogucki (24), both tests from same 0.615 0.640 
inus (syn. | fish 
alpinus) Runnstrém (25), whole blood and | 0.636 0.645 
eges from different fish 


Schmidt-Nielsen and Schmidt-Niel- | 0.620 0.642 
sen (26), average of 2; serum and . 

| eggs from same fishes 

Oncorhynchus | Greene (21), average of 6 females; | 0.602 0.552 
tschawytscha both tests on each; serum and 

whole blood the same 


(29, 30). For trout yolk it remains unchanged throughout development 
(31). 


Tonic Changes When Egg Is Laid 


When an egg is laid, it is normally fertilized and at the same time water- 
hardening begins, the latter process being independent of fertilization. 
To the discussion given by Hayes and Armstrong (2) we now add in Table 
Il the evidence of direct analysis. There is evidently a small loss of certain 
ions; the diminution in base would lower the osmotic pressure by about 
3 per cent. As to anions, while we found an 8 per cent loss of chloride, 
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Manery and Irving (20) report that no loss occurs in Salme ouannan 
eggs. The other anion, inorganic phosphate, represents only one-quarter 
of the total phosphorus; so that a change might mean either lowe from the 
or conversion into organic phosphorus. 
The bottom line of Table II giv es the only previous salmon egg ap sive: 
found (4). The results, except for calcium, are somewhat lower than ours 
but show substantial agreement especially in ratio to one another 


Osmotic Relations of Yolk and Embryo 


Fig. 1 is a barograph of conditions shortly after the beginning, and at the 
time the yolk is nearly used up. Except as otherwise noted the values 
are taken from the smoothed curves of Fig. 3. The line in Fie. } marked 
“eryoscope” is based on the data for Salmo salvelinus in Table |, whieh 
presumably apply to yolk after water-hardening, as well as before. It 


TaB_e IT 
in Salt Concentration As Result of Transfer of 
Celomic Fluid to Water 
The values are in mg. per 118 mg. of yolk, which has 59 per cent water. The bet- 
tom line gives analyses of Bialaszewicz (4) on Salmo salar celomic eggs, adjusted 
to a 118 mg. yolk. 


Material | Na K | Ca Me 
0.067| 0.363 0 084! 0.081 0.198 6.006 
Fertilized egg in water.............. | 0.060) 0.363) 0.077| 0.081) 0.180 0.081, 0.568 
Selecsctins | 0.283 0.122} 0.053 0.141 0.411 


shows the concentration of mixed base which corresponds to a freezing point 
depression of 0.64°. The extension of the cryoscope line across the embryo 


suggests that embryo and yolk are isotonic, which is probably true. 


The large stores of calcium and magnesium in the yolk remain unchanged 
in concentration during development, but the potassium concentration 
diminishes so greatly that it is necessary to assume that most of the formerly 
inactive calcium and magnesium come to participate osmotically. The 
utilization of organic material for metabolic purposes would free salt 
and increase the inorganic phosphorus. 

Bialaszewicz (32) developed an ingenious technique to separate the 
“dispersed phase’”’ or colloidal phase with its non-participating morgane 
constituents from the “intermicellar liquid.”” In Salmo fontinele yolk 
he found that the following percentages of the substances named were 
Organically bound, hence inactive: K 11, Na 49, Ca 73, Me 6S, ClO, tetal 
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 9O. His method is theoretically sound and the general conclusions 
warranted. The results, however, present quantitative difficulties which 
have beer discussed by Krogh (33). 

The early embryo has a quantity of base which agrees with cryoscopie 
tests and could be reasonably thought to be almost wholly active. The 
same would be true of the late embrvo were it not for the striking increase 
in cale:um and phosphorus, the excess of which must be inactive. 


20 40 60 
DAYS BEFORE AND AFTER HATCHING 


bic. 2. A comparison of the loss of each mineral from the yolk with the gain by the 
embryo. When the embryo curve is above the yolk curve, an uptake from the sur- 
rounding water is indicated. This is so in the case of sodium and calcium. The 
other substances sustain loss during development. Fertilization occurred at —i 
days. 


Changes During Development 


To illustrate the ionic trends Figs. 2 and 3 have been drawn. In Fig. 
2 the yolk loss is obtained by subtracting the later weights from the initial 
yolk value; thus it was found that at —7 days the yolk contained 0.288 
mg. of potassium. The initial store being 0.363 mg. (Table II), the 
point on Fig. 2 for —7 days is placed at (0.363 —0.288) or 0.075 mg. The 
potassium of the embryo on that day was 0.055, which is plotted as “‘gain 
by embryo.” In Fig. 3, dealing with concentrations, experimental points 
have been set down for those ions which appear to exhibit a trend, but 
where no trend was apparent only the average level has been placed on the 
chart without supporting points. The degree of scattering of points about 


K 
4 H 
of GAINAx LY | 
40 60 
| 
| 
‘ 
i 


HAYES, DARCY, AND SULLIVAN er 


the horizontal lines is indicated by the following list which shows the pe 
cent probable errors. 
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DAYS BEFORE AND AFTER HATCHING 


Fic. 3. Changes in mineral concentration in the yolk during deweloeeeeat Tie 
four elements to the right have been considered as constant, becasue tread 
be observed. For their fluctuations, which were considerable, see the text 
phorus has been assigned a valence of 1 in the yolk and 1.8 in (he embeye 


[t may be noted that the milliequivalents per kilo of water will be hee 
accurate than mg. per specimen, since in the former there are com) ened 
with the analytical errors those of weight and water content 

Sodium—As Fig. 2 shows, there is an uptake of sodium from the om 
rounding water, which appears to begin rather suddenly of the time of 
hatching. By the time the yolk sac has disappeared the embrve com lane 
Over twice as much sodium as the egg had at the begumming (foe whet eee 
Table II). In the matter of concentration, the fluctuations appear te be 
random, and it is concluded that the yolk maintains 32 and the embeve 
68 milliequivalents per kilo of water. 

Potassium—The concentration of potassium in the embryo shew. ae 
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trend but remains fixed at some 86 milliequivalents per kilo of water 
(Fig. 3). Leulier and Paulant (34) have followed potassium in rainbow 
trout larvae from the time of three-fourths absorption of the yolk gge 
until the young fish had a wet weight of 10 gm. ‘They found a constant 
value only slightly higher than ours, some 95 to 100 milliequivalents per 
kilo of water. It thus appears that the level of potassium established at 
the earliest stages is permanently maintained. 

The source of the embryonic potassium is the yolk, which starts out with 
130 milliequivalents but is steadily denuded as development proceeds, until 
at the end potassium is the most scarce of the ions studied (Fig. 3). So 
far as our evidence goes, potassium is also the only ion for which a specific 
selective power by the embryo from the yolk can be demonstrated. Evi- 
dently the egg is provided with barely enough potassium to carry the 
embryo through to feeding time, but in spite of this, there is some loss to the 
outside, as Fig. 2 shows, so that the larval system is not wholly efficient in 
conserving its stores. Fig. 2 indicates that the loss begins before hatching, 
when the capsule becomes permeable (35). It is interesting that 
the developing larva, in spite of the shortage of potassium, is unable to 
absorb any from the water. : 

Calcium—Absolute calcium values are shctesc’ in Fig. 2. It will be seen 
that, beginning at about the time of hatching, the embryo gains a great 
deal more than the yolk loses, which represents uptake from the surrounding 
water. This finding confirms work on the brook trout by McCay et al. 
(36, 37) who found only 0.008 mg. of calcium per specimen in “green eggs,” 
but 0.035 in fry with the volk sac absorbed. When allowance is made for 
the difference in egg size, their results are a little over half as high as ours. 
In another paper (38), McCay and Tunison observed an uptake of calcium 
from the water in older trout and say, “This experiment shows clearly why 
we have failed to produce any disease resembling rickets in trout when we 
fed diets low in calcium and high in phosphorus. Our experiments do not 
indicate whether this calcium is absorbed through the gills or from the 
gastro-intestinal tract.” As the foregoing statement suggests, the con- 
centration of calcium in the embryo increases steadily as development 
proceeds (Fig. 3). The increase is paralleled by that of inorganic phos- 
phate, so that these two materials form the dominant inorganic con- 
stituents of the embryo in later development. In the yolk the concentra- 
tion of calcium shows only random fluctuations with a constant mean 
value of 65 milliequivalents per kilo of water (Fig. 3). 

Magnesium—Concentrations (Fig. 3) remain constant at 100 and 27 
milliequivalents per kilo of water for the yolk and embryo respectively. 
In absolute values (Fig. 2) there is a steady loss from the larval system, the 
egg being provided with twice as much as the embryo requires. 
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Chloride—The curves of Fig. 2 suggest that all of the loss oceurs before 
hatching, and that there is no later loss or gain. Hence the emlerwo at the 
end contains almost as much chloride as the egg had at the start. As 
regards concentration, the embryo and yolk maintain constant and very 
nearly equal values throughout, namely 56 and 60 milliequivalent« per kile 
respectively. In a study of the trout egg as a whole, Manery and Irving 
(20) found a decline in chloride from some 60 milliequivalents per kilo of 
water in early stages, to 43 milliequivalents at the time of hatehing, which 
is materially larger than that in the salmon. 

Phosphorus—Results shown are probably approximately correct for 
yolk, but, for later embryonic values, a certain quantity of “labile ormanie 


phosphorus” in muscle may have been counted as inorganic Om teet 


of a larva some time after hatching, 21 per cent of what ie here called 
inorganic P turned out to be acid- and water-soluble organic P (methed of 
Fiske and Subbarow (39)). Since the yolk is acid (40), we have here 
assumed a valence of 1. In the embryo, where the cells are approximately 
neutral and the intercellular fluids alkaline (41), the valence assigned ie 1 8, 
as is given for mammalian body fluids which, as Shoh! (42) points out, ie 
merely a convention. The larval system shows a loss of phoephorus durne 
development, probably beginning before hatching (Fig. 2). As aeaimet 
our finding here, McCay and Tunison (36) report that Seleelinus fomtinele 
takes up phosphorus during development, and even in early ere stages 
They state, however, that “it is possible that the increases im the egme are 
due to analytical errors” and, their larval stages having been fed. the values 
are not comparable to ours. They find at the start, allowing for difference 
in egg size, only one-half as much phosphorus as we do. [nm the em beye. im 
organic P increases in concentration (Fig. 3), paralleling an increase m™ 
calcium. The marked rise begins some time after hatching, but it @ not 
clear where the extra Ca and P go, for bone has not yet formed and 
cartilage does not contain excessive quantities (43); possibly ecaleified 
cartilage may beformed. Organic P was followed throughout development, 
showing an average value of 9.6 + 0.7 gm. per kilo of wet weight. Ne 
concentration trend could be demonstrated. In the earliest observations 
there was, in mg. per embryo, 4 times as much organic as inorganic P, but, 
by the time the yolk had disappeared, the inorganic P had risen to near!, 
twice the organic. Jn the yolk sac, inorganic P appears to inerease 9 
concentration during development (Fig. 3). If the imerease gemume, 
it presumably means that a mechanism exists in the celle surroewn img 
the yolk for breaking down the protein preparatory to transfer to the 
embryo and thus for liberating phosphate. The coneentration of woth 
organic P was found to remain at 8.8 + 0.4 gm. per kilo of wet weaghet 
This means that organic P disappears in proportion to the disanpearance of 
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the volk sac as a whole, a natural conclusion when it is remembered that 
the volk sac (except ior water) is largely protein and the organic phosphate 
is largely in the protein. In mg. per specimen, the yolk inorganic P is only 
one-fifth of the organic at the start, but, by the -~ it has risen to one. 
half. 

Bicarbonate—The source of bicarbonate values for volk in Fig. 1 has 
already been discussed. For the embryo, the celomic fluid figure has 
been used. It is assumed that the concentrations in the two phases are 

unchanged throughout development. It appears that yolk bicarbonate is 
negligible in the salmonid, as in the =— @) Embrvo bicarbonate js 
evidently a minor ion. | 


SUMMARY 


Sodium, potassium, calcium, magnesium, chloride, and phosphorus have 


been estimated in celomic fluid, and followed in developing yolks and. 


embryos of the salmon. In the fluid bathing the ripe eggs, sodium chloride 
is dominant, with other ions approximately in the ratios found in sea water 
or serum. In the eggs potassium dominates, but there are also large 
proportions of calcium, magnesium, and sodium. Base found greatly 
exceeds acid found, leading to the view that most of the calcium and mag- 
nesium are not osmotically active. Calculations of osmotic pressure sug- 
gest that celomic fluid is hypotonic to eggs. Upon transfer from celomic 
fluid to water, at the time of fertilization, the egg loses minor quantities 
of sodium, chloride, and calcium, lowering the osmotic pressure of the yolk 
by about 3 per cent. During development, the egg or larva takes up 
calcium and sodium from the environment, the final amounts being re- 
spectively 4+ and 3 times the initial store. Losses were observed in the 
other four elements, the most marked being phosphorus. Loss of potassium 
began some time before hatching, thereby providing evidence for the 
permeability of the egg eapsule. Expressed as milliequivalents per kilo of 
water, the potassium of the volk virtually disappears: inorganie phosphorus 
shows a small gain; other ions remain constant. Experiments continued 
until the volk was quite gone. In the embryo, calcium and phosphorus 
concentrations increase to a marked degree, perhaps going to form the 
skeleton; other minerals exhibit no measurable trend. 
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THE ADAPTATION OF THE BECKMAN SPECTROPHOTOMETER 
TO MEASUREMENTS ON MINUTE QUANTITIES OF 
BIOLOGICAL MATERIALS 


By OLIVER H. LOWRY anv OTTO A. BESSEY 


(From the Diviston of Nutrition and Physiology, The Public Health Research [natitute 
of the City of New York, Inc., New York) 


(Received for publication, February 7, 1946) 


The smallest volume that has been used with commercia! photocolori- 
meters is about 1 m]. The sensitivity and optical system of the Beckman 
spectrophotometer (model D or DU) are such that it can be readily adapted 
- to volumes of the order of 50 c.mm. (0.05 ml.) without*sacrificing length of 
the light path through the colored solution. With volumes of this order of 
' magnitude the size of sample required is so small that it has been easily 
_ possible to devise methods for determining a number of substances of 


 putritional significance on a single sample of finger blood (¢.g. vitamin A, 


carotene, ascorbic acid). Since it seems likely that colorimetry or spectro- 
photometry on this scale may prove useful on other occasions, particularly 
with biological material, when the size of sample is limited, the means of 
adaptation is described, together with some data illustrative of the precision 
which can be expected. 
Principle 

Samples are placed in a special cuvette (Fig. 1) which has the usual | em. 
light path but which has a narrow inner width, of 2mm. orless. 50 ¢.mm. 
of liquid will fill this cuvette to a height of about 2.5 mm., thus giving a 
column of the sample with a cross-sectional area of 2 X 2.5 mm. and a 


length of 1 em. In front of the cuvette is placed a diaphragm which 
confines the light beam to a cross-section of less than 2 KX 2mm. This 


; i: slender light beam can pass through the liquid without touching the cuvette 
| Walls or the liquid meniscus. In order to obtain sufficient light intensity 
_ for measurements when such a smail area of the photocell is used. it is 


usually necessary to widen the spectral band employed; however, the band 
widths used are still narrow in comparison with those of most other photo 
electric spectrophotometerg or photocolorimeters. Alternatively, the use 
of a more sensitive galvanometer permits the use of narrower spectral 
widths than would otherwise be necessary. 


3 Equipment 
Cuveiles—These are square cells having inner dimensions of 2 X 10 mm. 


instead of the usual 10 X 10 mm. and are only 25 mm. high (Pig. 1). 
633 
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and the long axis of the sheet is perp & 
oa the sheet is bent at a right angle to form a flange which lies on the top of the | 
instrument and she from turning. cuvettes are now ‘raised 


634 : MICROSPECTROPHOTOMETRY 


for ‘the height, the outer are the same as of the 
standard cuvette. The light path is 10 mm., the same as for the regulg 
cuvettes; however, the cross-sectional area is greatly reduced. (These 

cuvettes may be obtained in quartz from the Pyrocell 
pany, 207 East 84 Street, New York 28, New York. Je: ; 
Smaller cuvettes (1 X 10 mm. inner dimension) requiring 30 ¢.mm, “_ 


liquid have also been used successfully, but, since their use is a little 
more difficult, it is recommended that the larger (2 mm, ) cuvettes be given | 


a trial before attempting: to use the smaller ones. 


Diaphfagm—Two types (A and B) have been | 


found ¢ to be can be home-made A of 


g Side y ‘| 


> 


Cuvette 

Biapheagra 

Fie, Micro cuvette and diaphragms 

ing in the instrument, which leads the light beam toward the cuvette holder. | 


A 1.0 to 14 mm. hole is drilled through. the metal disk about 1 mm. off 
id in the opening with a piece of Scotch tape and 
| ‘turned until the emergent. pencil of light passes: exactly in. te middle be 
The disk 
| this angle to a very flat thin piece: ‘of ahoet steel. 
This is about 6 cm. wide by 9 cm. long, with a 3 or 4mm. hole 2.5 cm. 
irom one end. ~The disk is soldered to the sheet so that the holes coincide | 
pendicular. After soldering, the top of 


‘center. The disk is then he 


tween the walls the cuvett: 


when in place in the earria 
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on wooden blocks (Fig. 1) until the light beam just misses the bottom of 
the cuvette. (Special adjustable blocks may be obtained from the Pyro- 
-eell Manfacturing Company.) As much as possible of the “play 
-qauvette carriage assembly is taken out. The diaphragm may be inserted 
and removed by merely loosening the bolts holding the phototube housing. 
‘The cuvettes are ordinarily held close to one side of the carriage by a spring 
on the opposite side. When used for the micro cells and when the dia- 
phragm is being adjusted, the carriage should be oriented so as to bring the 
cuvettes as near the diaphragm as possible, since the light beam spreads 


in the 


out a little after leaving the diaphragm, and the closer the cuvettes are to 
the diaphragm the less difference this will cause. The cuvettes are num- 
bered and always inserted in the holder with the same orientation. 

Type B, a somewhat more convenient and easily adjustable diaphragm 
attachment, may be obtained from the Pyrocell Manufacturing Company. 
The pinhole or pinholes are carried by a thin strip offbrass ( Fig. 1) which 
slides in a channel cut in a sheet of metal which is inserted in the spectro- 
photometer between the cuvette carriage assembly and the body of the 


instrument. ‘The sheet of metal is held in exact position by holes drilled 


through it to match the precision pins of the instrument. After the metal 


‘sheet is inserted, the brass strip is brought to position by sliding it into 


the channel in the metal sheet until the pinhole coincides with the center of 
the cuvette. A stop on the brass strip is then adjusted with a special bolt 
so that the strip may always be brought to exactly this same position. 
Provision is made so that either of two or three different sized pinholes may 


be brought into position without disturbing this adjustment. With this di- 
_ apbragm the cells are raised on blocks, as described above. With the strip 
Temoved the instrument may be used with standard cuvettes without 


disturbing the metal sheet. 


Procedure 


Since there is usually a little “play” in the cuvette carriage, the cells 
should always be brought toward their position in front of the light from 
the same direction. If there are any traces of cement remaining on the 
cuvette walls, these should be removed with a needle, ete. The micro 


cuvettes are used like the larger cells except that, for convenience in hand- 


ling, they are left mounted in the carriage. Samples are introduced with 
fine tipped pipettes into the bottom of the cuvettes, and the previous sam- 
ples are removed by suction with a fine tipped glass tube attached to a 


| suction pump or aspirator bottle. If the glass tip is slender, 99 per cent 

| of the previous sample may be removed, thus eliminating the need for 
_ Musing the cuvettes between analyses of a series unless the concentrations 
are widely different. 
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The 2 mm. cells require about 50 c.mm. of solution. The exact amount 
necessary should be detérmined by pipetting in solution until further addi. 


tion is without effect. A large cell may be used in the first position in the _ 


holder, which is merely for adjusting the instrument to zero for the parti. 
cular solvent or other blank being used. The small cells should give blank 
readings that differ by no more than about 0.01 on the density scale from 
the first (large) cell, and these blank oma should be reproducible to 
within 0.002 on the density scale. 


| TABLE | 
Optical Density of Replicate Samples of Different Volumes Taken from Same Large 
Volumes 
6.0465 mg. per cent P | 0.0186 mg. per cent P 0.00465 mg. per cent P 
0.025 | 6.05 0.025 | 0.05 | 0.025 0.05 
ml. | mi. 3 mi. ml. ml. 3 mil. mi}. | 3 mi. 
Mg. P X 
11.6 | 23.2 | 13900 | 4.65 | 9.3 | soo 1.16 | 2.32 | 139 


Optical density (870 0.420 0.423 (0.424 0.168 0.167 0.166 (0.043 0.040 0.042 

my) 0.420 0.422 0.424 0.166 0.165 (0.166 10.043 (0.043 0.043 
0.420 0.422 (0.424 0.168 0.166 (0.166 10.042 (0.042 0.042 
0.421 0.422 0.423 0.167 0.165 |0.165 (0.043 (0.045 (0.042 
0.420 0.422 0.420 0.167 (0.167 (0.165 (0.043 0.043 0.042 


0.419 0.421 

0.422 0.422 
Aven... 0.421 0.422 10.423 [0.167 0.166 [0.166 (0.043 10.043 (0.042 
.0014'0..0009 0.0010 0.0007 0.0005 0.0019 0.0005 
Variance, %.........10.4 (0.2 (0.3 (0.5 10.6 1 4 


With the early Beckman instruments a more sensitive galvanometer has 
been found to be advantageous for use with the micro attachment. The 
meter furnished with the instrument is replaced by one with a range of 
200 microamperes. This is 5 or 10 times more sensitive than the original 
meter and has proved useful for macro as well as micro work. The sensi- 
tive meter is particularly valuable for use with the 1 mm. cuvettes or for 
measurements with larger cuvettes at wave-lengths at which otherwise 


insufficient light is obtained. Under these circumstances, it is sometimes — 


necessary to adjust the instrument to zero at the ‘‘0.1”’ knob position. This 
allows the instrument to be used with one-tenth the ordinary amount of 
light, and, with the more sensitive meter, readings may be made as a- 
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curately at this setting as when the instrument is adjusted to zero with the 
‘“eheck” position of the knob. With later instruments the original sensiti- 
vity is such that a more sensitive meter is not required. 


DISCUSSION 


Table I illustrates readings obtained at 870 my with 3, 0.05, and 0.025 
ml. of solutions taken from three large volumes of inorganic phosphate 
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B 200;- 
¢ 
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© -200 
100;- P 
Band width 0.6-1.2 mz 
x= ,025 ml.= 011649. P 
Bandwidth 5-10 mu 
| 


700 800 900 4000 1100 
Wavelength my 


Fic. 2. Absorption curves of phosphomolybdous acid with 3 and 0.025 ml. volumes 


of different strengths treated to form the blue phosphomolybdous color. 
(The color was developed with a modified Fiske and Subbarow reagent, 


2.5 per cent ammonium molybdate, 0.6 per cent sodium bisulfite, 0.03 per 


cent sodium sulfite, and 4.5 mg. per cent of 1,4-aminonaphtholsulfonie acid 


- In 1.2.N sulfuric acid, by heating 20 minutes at 100°.) 


Fig. 2 gives the absorption curves obtained with the strongest of the 
above phosphate solutions (0.0465 mg. per cent). One curve was obtained 
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with 3 ml. of solution with the narrowest slits possible. The other curve 
was made with 0.025 ml. of solution (10-5 mg. of P) and necessarily a wider 
shit. The curves are so nearly superimposable that the second set of points 
was not connected in order to avoid confusion. 

Fig. 3 gives a similar set of curves made with phenylalanine in the ultra. 
violet region. This compound was chosen since its spectrum contains 4 
series of very narrow absorption bands. In this case the curves obtained 


500 
400r- 
é 
4 
© 
3 \ 
3 
| 
\ 
o—— 3 ml, = 1.2 mq. phenylalanine 
Band width 0.3 
x 0.05 m1.=0.02 phenylalanine 
Band width 1-1.5m 
O-==-0 0.025 mi.= 0.01 mg. phenylalanine 
Band width 3-7 ae? 
235 240 245 250 255 a 265 270 


Wavelength (mz) 


Fic. 3. Absorption curves of phenylalanine with 3, 0.05, and 0.025 ml. volumes ~ 
with 3, 0.05, and 0.025 mil. of solution are not superimposable, since with 


the wider slits required for the small volumes some of the fine detail is 
obscured. However, the difference between the 3 ml. and the 0.05 ml. 
curves is not marked. ‘This illustrates a limitation which should be borne 
in mind if spectra with fine structure are to be measured. This difficulty, 


of course, weuld not interfere with quantitative measurements made even 
on compounds such as phenylalanine. 
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It is evident that satisfactory results may be obtained with the small 
volumes for both quantitative measurements and absorption curves. 
The 2 mm. cuvettes have proved to be as convenient to use in practice as 
the larger cells. Measurements may be made even more rapidly with the 
50 c.mm. volumes than with larger samples. 

Spectral curves can be made from about 23510935 my with spectral widths 
not exceeding 3 mu with 25 c.mm. volumes, and from about 225 to 1050 mu 
with spectral widths of not more than 3my with50 ¢c.mm. volumes. With 
the type of adaptation described, it does not appear possible to utilize much 
smaller volumes than 25 c.mm., since with still narrower cells the setting 
of the carriage position would become too critical. It will probably be 
necessary to employ instead some other principle for adaptation to lesser 
volumes. | 

It has been felt desirable to use a fixed diaphragm with these cells instead 
of providing each cell with its own diaphragm which would then move with 
the cell. The disadvantage of such a movable diaphragm would be that a 
more refined carriage movement would be required. The light beam 
differs in brightness from point to point, as does the sensitivity of the photo- 
tube surface; hence minute differences in the point at which the carriage 
comes to rest would affect the phototube response. 

With the adaptation described it has been possible to devise methods for 
the measurement of ascorbic acid in 0.01 ml. of serum,! vitamin A and caro- 
tene in 0.035 to 0.06 ml. of serum,? and the ascorbic acid in the white blood 
cells and platelets of 0.1 ml. of blood’ 


SUMMARY 


A description is given for the adaptation of the Beckman spectrophoto- 
meter to the performance of colorimetry and spectrophotometry on volumes 
of 0.05 ml. or less. Illustrative data and absorption curves are included. 
Thus adapted, the measurements on volumes of this order of magnitude are 
as rapid and convenient and very nearly as precise as with larger volumes. 


1 Lowry, O. H., Lopez, J. A., and Bessey, O. A., J. Biol. Chem., 160, 609 (1945). 
* Bessey, O. A., Lowry, O. H., and Brock, M. J., unpublished data. 
* Lowry, O. H., Bessey, O. A., and Brock, M. J., unpublished data. 
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A SPECTROPHOTOMETRIC STUDY OF THE COMPETITION OF 
METHEMOGLOBIN AND CYTOCHROME OXIDASE FOR 
CYANIDE IN VITRO 


By HARRY G. ALBAUM, JAY TEPPERMAN, ann OSCAR BODANSKY 


(From the Biochemistry Section, Medical Division, Chemical Warfare Service, 
Edgewood Arsenal, Maryland) 


(Received for publication, February 8, 1946) 


Although the efficacy of induced methemoglobinemia in cyanide poisoning 
has been demonstrated both therapeutically and prophylactically (1),' the 
tissue reactions involved in the protection of animals from the lethal effects 
of the cyanide ion by methemoglobin are only imperfectly understood 
Presumably, cyanide interferes with cellular respiration by forming « 
slightly dissociable complex with cytochrome oxidase (2-4). Kobert (5) 
first showed that methemoglobin combines with cyanide to form cyanmethe- 
moglobin. ‘The often reported antidotal action of methemoglobin-forming 
substances in cyanide poisoning may then be regarded as a competitive 
reaction between methemoglobin and cytochrome oxidase for cyanide jon. 
It is the purpose of the present work to determine whether this competition 
may be demonstrated in vitro and to obtain some idea of the comparative 
dissociabilities of cyanmethemoglobin and cytochrome oxidase-cyanide 
complex. 


EXPERIMENTAL 


A spectrophotometric technique based upon the rate of oxidation of re- 
duced cytochrome c was used for the measurement of cytochrome oxidase 
activity (6,7). Since reduced cytochrome c has a sharp absorption peak at 
5900 A, the rate of oxidation can be measured by determining the change in 
absorption of monochromatic light at that wave-length. 

Ideally, the competition of cytochrome oxidase and methemoglobin 
should be studied in a system in which the various components are present 
in known concentrations. * In the present work, practically pure crystalline 
methemoglobin and a purified preparation of cytochrome ¢ were used. No 
purified preparation of cytochrome oxidase was available. A very dilute 
homogenate of brain was used as the source of cytochrome oxidase. 

Adult male rats, weighing about 300 gm., were decapitated and the brains 
quickly removed. In each experiment, the brain was rapidly weighed on « 
torsion balance, transferred to a Waring blendor, and enough iced distilled 
water added to yield a 2 per cent homogenate. The tissue was homogenized 


‘ Jandorf, B. J., and Bodansky, O., J. Ind. Hyg. and Tovicol., in press. 
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for 2 minutes, after which it was strained through several layers of surgical] 
gauze to remove gross particles. This stock homogenate was kept refriger- 
ated at all times. For any experiment, 5.0 ml. of the stock homogenate 
were pipetted into a tube. Water or a solution of sodium cyanide was 
added to a final volume of 10.0 ml.; 0.04 or 0.05 ml. of this diluted homoge- 
nate was used in each run. The cyanide stock solution prepared from 
sodium cyanide was made up in a concentration of 0.01 mM and checked for: 
cyanide content at various intervals by silver chloride titration. 

Cytochrome oxidase activity was measured in the Beckman spectropho- 
tometer at 5500 A, and a nominal slit width of 1.9 mu. At this wave 
length, reduced cytochrome has a sharp absorption maximum. As the re- 
duced cytochrome is oxidized, the density decreases; the rate of decrease is 
a measure of the oxidase activity. Oxidized cytochrome itself shows some 
absorption at 5500 A, so that the observed values really measure the de- 
crease in density due to the disappearance of reduced cytochrome as well 
as a slight increase due to the accumulation of oxidized cytochrome. If the 
initial concentration of cytochrome is known, as well as the absorption 
coefficients of reduced and oxidized cytochrome, it is possible from the ob- 
served values to calculate the concentrations of either component at any 
time. The fundamental equations have been derived by Haas, Horecker, 
and Hogness (6), and by Altschul, Abrams, and Hogness (7), and were used 
in the present paper to calculate the rate of disappearance of the reduced 
cytochrome. The reaction velocities are expressed in terms of the mono- 
molecular reaction constants. 

Cytochrome c was prepared from beef heart, according to the method of 
Keilin and Hartree (8); crystalline methemoglobin, used in many of the 
experiments to be described, was prepared from guinea pig blood, according 
to the method of Warburg and Reid (9). From one sample of blood (ap- 
proximately 30 ml.), two harvests of crystals were obtained. The first 
assayed 99.2 per cent methemoglobin of the total pigment, the second 95.0 
per cent methemoglobin of the total pigment. 

For any day’s experiments, a solution containing cytochrome c and a con- 
centration of phosphate buffer that would give a concentration of 0.01 mM and 
a pH of 7.4 in the final reaction mixture was used. The cytochrome c was 
completely reduced with several crystals of dry sodium hydrosulfite, the 
excess hydrosulfite oxidized by aeration, and enough water added to give a 
volume of 2.95 or 2.96 ml. The density was then read at 5500 A, after 
which 0.05 or 0.04 ml., respectively, of the diluted homogenate was added; 
the contents of the vessel were mixed and timed readings taken, beginning 1 
minute after the addition of the enzyme and continuing at 30 second inter- 
vals for from 3 to 8 minutes. Correction was made for the slight initial 
increase in density due to the turbidity of the enzyme source by measuring 
the turbidity of the homogenate in distilled water. 
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In the experiments in which the effect of methemoglobin on the effect of 
cyanide inhibition was studied, a methemoglobin solution was substituted 
for an equal volume of water. All final volumes were, therefore, maintained 
at3.0ml. Methemoglobin itself absorbs at 5500 A, so that, in those experi- 
ments in which it was used, the observed densities were corrected before the 
changes in cytochrome c concentration were calculated. In several experi- 
ments, preformed cyanmethemoglobin was used. This was prepared by 
reaction of methemoglobin and cyanide in amounts equivalent to those 
present in the final reaction mixture to which these substances were added 
separately. All cyanide concentrations indicated in the text are fina! con- 
centrations in the reaction mixtures. 

Since the Beckman spectrophotometer has no mechanism for keeping the 
reaction vessels at constant temperature, temperatures of the reaction mix- 
ture were recorded at the end of each determination. Within any series of 
experiments on the same day the variation was never greater than 1.5”. 


Results 


Fig. 1 shows the typical effects of cyanide ion on the rate of oxidation of 
cytochrome c by cytochrome oxidase, as well as the effect of methemoglobin 
on the activity of the oxidase partially inhibited by eyanide. The lowest 
curve shows that a concentration of 3.26 K 10-* mM cyanide decreased the 
reaction velocity constant 85 per cent. The presence of 1.32 * 10°° m 
methemoglobin (calculated on the basis of a molecular weight of 17,000 for 
methemoglobin) in the cyanide-inhibited system did not affect the rates for 
the first 2 minutes of the reaction; thereafter, the rate increased so that the 
inhibition, as judged by the reaction velocity constant, was 77 per cent of 
the activity of the control system. This indicated that methemoglobin 
reversed cyanide inhibition. 

Fig. 1 also shows that an amount of cyanmethemoglobin present, equiva- 
lent to 1.32 & 10-° m methemoglobin, had no initial effect on the activity 
of the oxidase. However, after 2 minutes, the rate of oxidation began to 
decrease ; the final rate of oxidation represented a 79 per cent inhibition of 
the control rate. 

Table I shows that 1.32 * 10-5 Mm methemoglobin restored a cyanide- 
inhibited system from 24 to 35 per cent of the original activity, whereas 2.64 
X 10-°M restored it to 50 per cent and 3.96 & 10-° w to 77 per cent of the 
original activity. It was not possible to study higher concentrations be- 


cause of increased density of the solutions and the limitations of the instru- 


ment. Control experiments carried out simultaneously showed that the 
corresponding amounts of methemoglobin did not affeet the rates of oxida- 
tion of cytochrome c by cytochrome oxidase in the absence of cyanide. 

In the experiment described in Table I, the oxidase content and cyanide 
concentrations were kept constant and the methemoglobin concentration 
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varied. In the series of experiments shown in Vig. 2, the oxidase and 
methemoglobin levels were maintained constant and the cyanide concentra- 
tions were varied. Throughout the range of cyanide concentrations 


between approximately 5 X 10-> mand 1 X 1.32 K 10->m methe- 
moglobin produced the same degree of reversal of inhibition, approximately 


0.9 


| | 


0.2F 


mele [ ReoUcED Cytocurome C] + ao 


\ 2 ce 4 5 6 7 
TiME IN MINUTES 

Fic. 1. The effect of methemoglobin, cyanide, and cyanmethemoglobin on brain 
eytochrome oxidase activity. The final reaction mixture had a volume of 3.0 ml. and 
contained 0.05 ml. of 1 per cent brain homogenate, 3.75 X 10-5 m cytochrome, and 
0.01 m phosphate buffer, pH 7.4. © shows the reaction without any additions; O, 
the effect of 3.26 K 10°-*m cyanide; X, the effect of 132 K 10-5 m methemoglobin in 
the presence of 3.26 X 10°¢m cyanide; @ shows the effect of 1.32 * 10-5 m preformed 
cyanmethemoglobin on the reaction in the absence of added cyanide. The figures 
in per cent represent the degree of inhibition. 


10 per cent of the original activity. In other words, in the presence of this 
amount of methemoglobin, approximately 5 times as much cyanide was 
required to produce a given degree of inhibition as in the absence of methe- 
moglobin. Thus, 50 per cent inhibition was produced by 2 * 107° m 
cyanide while, in the presence of 1.32 X 10-5 m methemoglobin solution, the — 
same inhibition was produced by 8.9 X 10-° m cyanide. 
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Fic. 2. The effect of varying amounts of cyanide on the activity of brain cyto- 
chrome oxidase in the presence and absence of methemoglobin. The final reaction 
mixture had a volume of 3.0 ml. and contained 0.04 ml. of 1 per cent brain homogenate, 
2.305 X 10-§ m cytochrome, 0.C1 mM phosphate buffer, pH 7.4. O shows the effect 
of varying concentrations of cyanide; 4, the effect of the same concentrations of 
eyanide in the presence of 1.32 XK 10° m methemoglobin. 


TABLE I 
Effect of Varying Amounts of Methemoglobin on Cyanide Inhibition of Brain 
Cytochrome Oxidase Activity 
The final reaction mixture had a volume of 3.0 ml. and contained 0.05 ml. of al 


per cent brain homogenate (100 y dry weight of tissue), 0.01 « phosphate buffer 
pH 7.4, and 2.69 * 10-5 m cytochrome. 


Composition of reaction mixture | Reaction velocity 
| per cont 
Cytochrome ¢ + brain homogenate................... | 0.240 | 100 
+ 1.13 K 10°*ucy anide. | 0. 057 24 
Cytochrome c + brain homogenste a cyanide + 2.64 x 10-8 M 
Cytochrome c + brain homogenate + cyanide + 3. 96 x 10-* 


* Monomolecular reaction constant calculated as in Fig. 1 after it had attained a 
constant maximal value. 
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DISCUSSION 


In none of the experiments described was more than 0.05 ml. of a 1 per 
cent brain homogenate used as a source of enzyme. This quantity in no 
case corresponded to more than 120 + of dry tissue, of which only a smal] 
part is cytochrome oxidase. This conclusion is based on the observation 
that such homogenates have been shown to contain varying quantities of 
numerous enzymes found in animal tissues. Since no pure cytochrome 
oxidase preparations were available from which to make molecular weight 
calculations, it is very difficult to know precisely how much oxidase com- 
petes with a known amount of methemoglobin for available cyanide. 

However, an estimate of the competition between methemoglobin and 
cytochrome oxidase for the cyanide ion may be obtained in the following 
way. On the assumptions that in the incompletely inhibited enzyme sys- 
tem practically all of the cyanide ion is combined, that the concentration of 
the free cyanide ion is negligible, and that cyanide combines mole for mole 
with the oxidase iron, the total amount of oxidase in terms of moles of iron 
may be estimated from the cyanide concentration. For example, at 1 Xx 
10-* m cyanide, 76 per cent of the oxidase is inactivated; the order of magni- 
tude of oxidase iron would be 100/76 X 1 X 10-®, or approximately 1.3 X 
10-* m. In the experiments recorded in Table I, the methemoglobin con- 
centrations ranged from 1.32 to 3.96 X 10-5 m methemoglobin. At a 
methemoglobin-cytochrome oxidase ratio of 10:1, 11 per cent of the original 
activity was restored. At ratios of 20:1 and 30:1, 26 to 49 per cent of the 
original activities were restored. ‘These results suggest that the cytochrome 
oxidase-cyanide complex is less dissociable than the cyanmethemoglobin. 
Moreover, as has been shown in this work (Fig. 1), cyanmethemoglobin, 
added to a cytochrome-cytochrome oxidase system, apparently dissociates 
sufficiently so that the resultant cyanide ions can inhibit cytochrome oxidase 
activity. 

In vivo, when methemoglobinemia is induced, either prophylactically or 
therapeutically, to counteract the effects of cyanide ion, the latter may be 
considered to participate in the three following reactions: 


CN~ + cytochrome oxidase = cytochrome oxidase cyanide (1) 
CN- + methemoglobin @ cyanmethemoglobin (2) 
CN~ + S compounds @ CNS” | (3) 


When methemoglobinemia is induced prophylactically (7.e. before cyanide . 

is administered), Reaction 2 takes place in the blood stream and the amount 
of cyanide ion reaching the tissues is greatly decreased. When methemo- 
globinemia is induced after administration of cyanide and a therapeutic 
result is obtained, it may be assumed that methemoglobin has combined 
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with enough cyanide to cause Reaction 1 to shift to the left and liberate 
sufficient free cytochrome oxidase to permit tissue respiration to be re- 
sumed. Reaction 3 represents a pathway for the conversion of free cyanide 
jon to the non-toxic thiocyanate. It has been shown that administered 
cyanide is excreted almost completely in the urine as thiocyanate (10). 


SUMMARY 


1. Experiments have been performed on the 77 ritre competition between 
methemoglobin and cytochrome oxidase in brain homogenates tor cyanide 
ion. 

2. It is shown that methemoglobin can reverse the cyanide inhibition of 
cytochrome oxidase activity. The extent of the reversal was studied at 
varying concentrations of methemoglobin and cyanide. It is shown that 
in a suitable 2n vitro system preformed cyanmethemoglobin dissociates to 
give sufficient free cvanide ion to combine with cytochrome oxidase. 

3. The in vivo implications of the above observations are discussed 
briefly. 
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OBSERVATIONS ON VITAMIN B, CONJUGASE FROM 
HOG KIDNEY 


By 0. D. BIRD, MARY ROBBINS, J. M. VANDENBELT, anp J. J. 
PFIFFNER 


(From the Research Laboratories of Parke, Davis and Company, Detroit) 
(Received for publication, February 13, 1946) 


Some time ago we called attention to the wide-spread occurrence in 
nature of an enzyme which releases vitamin B, from a microbiologically 
inactive form (1). In work designed to characterize the enzyme in hog 
kidney through a study of this reaction it became apparent that the kinetics 
of the reaction were very markedly influenced by the purity of the sub- 
strate. With the isolation of vitamin B, conjugate in crystalline form from 
yeast (2) the opportunity presented itself to examine the reaction with the 
pure conjugate as substrate. In this paper we present the results of the 
study along with a summary of our earlier observations on the distribution 
and properties of the enzyme. Our earlier observations were of necessity 
made with crude or partially purified substrates. In the light of later 
results obtained with the pure conjugate as substrate these earlier results 
are considered to have a more qualitative than quantitative significance. 

While this work was in progress Mims, Totter, and Day (3) reported the 
occurrence of an enzyme in rat liver which formed a Sireptococcus faecalis- 
stimulating factor from a microbiologically inactive precursor in yeast. 
Laskowski, Mims, and Day (4) noted the wide-spread distribution of the 
enzyme in the tissues of the rat, dog, hog, rabbit, chicken, and ox. They 
observed that chicken pancreas was an unusually rich source of the enzyme 
and devised a method for its purification. Their purified enzyme from 
chicken pancreas was found to form vitamin B, from partially purified 

vitamin B, conjugate (1,4). Recently these workers have further purified 
. the enzyme from chicken pancreas and studied its kinetics on a partially 
purified substrate (5). In the course of our study we have found some 
differences in the behavior of the enzyme from chicken pancreas and hog 
kidney toward vitamin B, conjugate, which are reported below. 


EXPERIMENTAL 


_ Distribution of Vitamin B, Conjugase—In the earlier phases of the work a 
_ partially purified concentrate of vitamin B, conjugate prepared from yeast 
extract was used as an enzyme substrate. This concentrate contained 13 
mg. of vitamin B, per gm. of solids, as determined by assay with Strepto- 
coccus faecalis after a 16 hour incubation at 45° with excess of vitamin B, 
conjugase. | 
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bath at 45°. 


Typical swith this partially were carried 
out as follows: Amounts of the substrate equivalent to approximately 80 , 


of vitamin B,, combined as conjugate, were transferred to test-tubes and | 
5 cc. of 0.1 M acetate buffer at pH 4.5 or 0.1 phosphate buffer at pH7.0 


were added. Each tissue ‘under investigation, which was finely minced 
either with a Waring blendor: ora ‘Potter-Elvehjem homogenizer (6) and 
mixed with 3 to 4 volumes of water, was. then added and the volume made 
up to 10 cc. with distilled water. The tubes were incubated in a water 
_At proper intervals the contents of each tube were mixed, 
and a i cc. portion withdrawn and transferred. to another test-tube marked 
at 10 cc. This 


Velaman B. Conjugase Activity of Various Tissues M easured at Two pH Levels 

-Vitamin released per hr. per gm. tissue 

Defatted almond meal.................. 50 
Beef red bone marrow.................. 


experiment were collected in this way, they were assayed for vitamin B, 
by the method previously described (7), except that Sireplomecns -_ 
was used and the incubation time was 18 hours at37°. 

In Table I are shown the comparative potencies of various tissues in- 
vestigated as sources of conjugase. The amount of tissue added to each 


tube during incubation with the substrate was determined by preliminary — 


experiment so that the amount of vitamin B, released per hour was con- 
stant over a period of at least 2 hours. Potencies were evaluated in terms 
of the amount of vitamin B, released per hour per gm. of tissue. All in- 


cubations were carried out both at pH 4.5 and 7.0. <A few tissues, includ-. 


ing chicken pancreas and hog kidney, were incubated with the substrate 
at several other pH levels also. Chicken and turkey pancreas proved to 
be the most potent sources of conjugase. Their optimum activity was 


was heated 3 minutes in a boiling water bath, cooled, and 
diluted to. 10 with: water. After all the for a ow 
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when it was ground and desiccated with acetone. 


in a month at refrigerator temperature. 
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approximately pH 7.0, whereas all other sources investigated had their 
optimum at approximately pH 4.5. Hog kidney was chosen as a source of. 
conjugase for this study, since it was fairly active and available in large 
quantities. | 

Fractionation Experimenis and Description of Conjugase Preparation— 


* Hog kidney conjugase remained stable during autolysis at the natural pH 


of the tissue. This made the preparation of a clear water extract easier 
and was the basis for the preparation of a water-soluble conjugase fraction 
previously described (1). However, there was a great loss of activity 
involved in any fractionation procedure attempted. 

Approximately half the conjugase activity of fresh hog kidney was lost 
The acetone-desiccated 
tissue retained its remaining activity over long periods at room temperature. 


‘When water extracts of fresh kidney were dried from the frozen state, they 


retained their activity but soon lost it on standing at room temperature. 
They were quite stable in the refrigerator. One such preparation lost 74 
per cent of its activity in 16 days at room temperature, but only 13 per cent 
Whole kidney tissue or water 


extracts of kidney retained full conjugase activity for at least 5 to 6 months 


soluble at 80 per cent saturation. 
twice as active as the former in terms of its nitrogen content. 


when maintained in the frozen state. 

Less than half the conjugase activity of desiccated hog kidney could be 
extracted by water or phosphate buffers ranging in pH from 4.5 to 7.5. 
The best pH for extraction was 7.0. Physiological salt solution was better 
than distilled water for extraction of the enzyme but higher concentrations 
of sodium chloride were not as good. Clarified water extracts of fresh 
kidney tissue retained about three-fourths of the enzyme activity that 
could be demonstrated for a water suspension of the whole tissue. 

The fraction precipitated from a water extract of kidney by ammoniutu 
sulfate at 40 per cent saturation contained about the same amount of 
conjugase activity as the fraction soluble at that concentration but in- 
However, the latter fraction was about 
The activity 
of both these fractions amounted to only 38 per cent of the activity of the 
original extract. ‘These ammonium sulfate precipitates, or a water extract 
of kidney, lost at least 75 per cent of their conjugase activity when dialyzed 
overnight against running water. After isoelectric precipitation of a water 
extract of kidney at pH 4.2 to 4.5, both the soluble and insoluble fractions 
contained approximately equal amounts of activity but the total activity 
of both fractions measured separately did not equal the activity of the 
original extract. Both fractions were heat-labile. Acetone at 40 per cent 


concentration precipitated all the activity of a water extract of kidney but 
there was no significant purification. 
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In view of these findings concerning the loss of activity with fractiona. 
tion, the reduced stability of purified fractions, and the lack of uniform 


potency of the products, the conjugase preparation used in the studies to 


be reported here was prepared by the following simple procedure. A 
fresh hog kidney was trimmed of fat, sliced, and ground in a Waring blendor 
with the addition of 3 ec. of water per gm. of kidney. The resulting sus. 
pension was centrifuged at 5000 R.p.m. and the supernatant solution filtered 
through a bed of Super-Cel. The filtrate was dispensed in test-tubes, 
frozen solid, and kept in a dry ice chest until used. This clarified water 
extract of fresh hog kidney is what is referred to throughout the balance of 
this paper as the conjgase preparation. It has the advantage of being 
highly active, it is stable when kept frozen, and it possesses a low blank. | 
ec. of this preparation, which was sufficient to release at least 2 y of vitamin 


TaBLeE IT 


Inhibitive Effect of Crude Yeast Extract on Activity of 
Vitamin B, Conjugase 


Vitamin B,; released per hr. 
Substrate Amount of enzyme : 
‘ ¥ 

1 cc. purified vitamin B, conjugate from 0.2 28.2 

yeast 
2 gm. Difco yeast extract 2.8 0.3 
0.5 cc. purified vitamin B, conjugate 2.8 2.0 

from yeast plus 1 gm. Difco yeast 

extract 


B. from a crude yeast extract under the routine digestion procedure, as- . 
sayed only 0.005 y of vitamin B, when digested alone without substrate. | 


Early experiments with this conjugase preparation indicated a rather 
broad temperature optimum at 45-48°. The studies made with partially 
purified substrate were carried out with an incubation temperature of 45°. 
Routine overnight digestions with the enzyme for the purpose of releasing a 
maximum of activity were carried out in an air incubator at 45°. When 
crystalline conjugate was used as a substrate, incubations were carried out 
at 37° in a constant temperature water bath unless otherwise indicated. 

Inhibitors of Vitamin B, Conjugase in Yeast Extracts—In earlier studies 


it was observed that a given preparation of conjugase would release more 


vitamin B, in unit time from some substrates than from others. Crude 
yeast extracts were particularly refractory to the action of the enzymes, 
while purified concentrates were acted upon more readily. In Table Il 
are shown the amounts of vitamin B, released from a purified vitamin B, 


conjugate preparation and from Difco yeast extract. 0.2 cc. of the enzyme 
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preparation released 28.2 of vitamin B, from the purified concentrate in 1 
hour, while a much larger amount of conjugase released only 0.3 y of vita- 
min B, from Difco yeast extract. When the substrate consisted of a mix- 
ture of these two materials, only a relatively small amount of vitamin B, 


was released by a large amount of theenzyme. ‘This suggested the presence 


of a substance or substances in Difco yeast extract which inhibited the 
action of the enzyme. 

Further evidence for the existence of a conjugase inhibitor in veast ex- 
tract is presented in Table III. Data are shown representing vitamin B, 
released per hour per cc. of conjugase preparation from substrates of differ- 
ent degrees of purity, ranging from a water extract of plasmolyzed brewers’ 


'. yeast, which was the starting material, to crystalline vitamin B, conjugate. 


It will be noted that over 100 times more conjugase were required to release 


TaBLeE III 
Effect of Purity of Substrate on Action of Vitamin B,. Conjugase 
| Vitamin Amount Vitamin Be 

Substrate | | — = as. 

| | used enayme 

+ | ec 
38843 Yeast extract | 84 | 1000 4 1.0 
90485 ‘* Concentrate A 366 | 360 3.6 2.25 
90515 - = B | 1,250 | 44 0.4 9.4 
80004 om ” C | 13,000 6 | 0.16 | 3% 
91965 Crystalline vitamin B, conjugate 365,000 | 0.11 0.004 139 


* As measured by assay with Streptococcus faecalis after a 16 hour incubation at 
45° with excess of enzyme, except Sample 91965. 


1 y of vitamin B, from yeast extract than from crystalline vitamin B, 
conjugate. 

Experiments with Crystalline Vitamin B, Conjugate As Substrate-—Most 
of these experiments were carried out on a smaller scale than those above. 
Digestion mixtures had a total volume of 1 or 2 ce. Unless otherwise 
indicated, the digestions were carried out in 0.05 m acetate buffer at pH 4.5. 

The effect of pH on the action of conjugase from hog kidney and chicken 
pancreas, when crystalline conjugate was used as substrate, is shown in 
Fig. 1. 11.2 y amounts of the conjugate were incubated with 6.5 mg. of 
hog kidney and 0.1 mg. of chicken pancreas, respectively, in 1 ec. volumes 
of 0.05 m buffer for 1 hour over the pH ranges shown. Acetate buffer was 
used below pH 4.5, phosphate buffer above. It was found that phosphate 


and acetate buffers gave identical results at pH 4.5. 
After incubation the contents of the tubes were heated in boiling water, 
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diluted to 10 ce., and assayed. The optimum pH for hog kidney wag 43 
to 4.5, while for chicken pancreas it was 7.0 to 7.5. In other experiments 
it was found that these same pH optima also held for hog kidney and 
chicken pancreas when the substrates were crude yeast extract or a partially 
purified concentrate of vitamin B. conjugate obtained from yeast extract. 
The pH optimum of 7.0 to 7.5 found for chicken pancreas confirms the 
optimum observed by Laskowski e¢ al. (4), but not the value of pH 54 
reported by Burkholder e# al. (8). 


The result of hog kidney conjugase acting upon an excess of pure vitamin — : 


B. conjugate is indicated in Fig. 2. The response with time was linear, 
within the error of the microbiological assay, over a 4 hour time interval, 
‘25, 
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Fic. 1. Reaction velocity of hog kidney conjugase and chicken pancreas conju- 
gase asa function of pH. Each tube for establishing the hog kidney conjugase curve 
contained 10 mg. of hog kidney and 112 y of crystalline vitamin B, conjugate in 10 
ec. For the chicken pancreas curve each tube contained 2 mg. of pancreas and 11.2 
+ of crystalline conjugate inlcc. Incubation was at 37°. 


Longer periods were not studied. In Fig. 3 is shown the effect of increasing 
concentrations of conjugase upon the amount of vitamin B, released from a 
constant amount of substrate. It will be noted that beyond the point 
where approximately 0.2 y of vitamin B, per cc. per hour was released the 
rate of liberation per unit volume of enzyme solution was fairly constant. 

The data in Fig. 4 indicate the velocity of the action of hog kidney con- 
jugase as a function of substrate concentration. Increasing amounts of 
crystalline vitamin B. conjugate, ranging from 2.8 y (equivalent to 1 y of 
free vitamin B,) to 16.8 y per tube were incubated in the presence of 4 c.mm. 
of the conjugase preparation. Half maximum velocity of the reaction 
was reached at a concentration of approximately 4.5 y of vitamin B, con- 
jugate per cc. of enzyme solution. 
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Definition of Conjugase Unit—The results of the above experiments on 
the action of conjugase on a substrate of crystalline conjugate suggested 
the definition of a unit of conjugase activity. A unit of activity, as applied 
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Fie. 2. Relationship of formation of vitamin B, to total reaction time. The reac- 
tion mixture contained 224 + of crystalline vitamin B, conjugate and 40 ¢.mm. of hog 
kidney conjugase preparation in a volume of 10 cc.” Incubation was at 37°. 
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Fig. 3. Relationship of rate of formation of vitamin B, to concentration of hog 
kidney conjugase. The reaction mixture contained 2.8 y of crystalline vitamin B, 
conjugate per cc. and was incubated at 37°. 


to the conjugase present in hog kidney or other tissues containing conjugase 
having a pH optimum at 4.5, is that amount of enzyme which produces | y 
of vitamin B, from crystalline conjugate in 1 hour under the following 
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conditions. The reaction mixture should contain an amount of crystalline 


vitamin B, conjugate equivalent to 1 y of vitamin B, per cc., and a concep. | 


tration of conjugase such that 0.2 to 0.8 + of vitamin B, will be released 


when incubated 1 hour at 37° in 0.05 M buffer at pH 4.5. The conjugage — 
preparation described above and used in these studies contained 150 to 209 | 


of these units per cc. 


Complete Enzymatic Release of Vitamin B, from Its Conjugate—The — 
specific ultraviolet absorption properties of crystalline vitamin B, conjugate — 
indicated that approximately 36 per cent of the conjugate molecule con. | 
sisted of vitamin B, (2). Before digestion with conjugase pure vitamin B, | 
conjugate was found to have only a negligible growth effect on Lactobacillus — 


O 


YVivAMIN Bc RELEASED PER ENZYME 
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4S 


Y WTAMIN Be CONTUGATE PER CC. 


Fig. 4. Reaction velocity of hog kidney conjugase as a function of substrate con- 
centration. Each reaction tube contained 0.4 c.mm. of hog kidney conjugase prep- 
aration per cc. and was incubated at 37°. 


caset and Streptococcus faecalis (2). Its utilization as a growth factor by 
these two organisms is discussed in the following paper (9). 
It was of interest therefore to determine whether enzyme treatment of 


v8 


the pure conjugate would release an amount of vitamin B, comparable to — 


that indicated from spectrophotometric examination. A number of pure 


specimens were examined by both methods. The data are presented in | 


Table IV. 
Enzymatic microbiological assay of these pure preparations consisted, 


first, of diluting the conjugate solution to an estimated concentration — 


(based on spectrophotometric assay) of 2 y of vitamin B, peree. To lce. 
of this dilution were added 1 cc. of the conjugase preparation (150 to 200 
units) and 5 ce. of 0.1 M acetate buffer at pH 4.5. After addition of a few 
drops of toluene the mixture was incubated 16 hours at 45° in an air incu- 
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bator, adjusted to pH 7.0 by the addition of N NaOH, diluted to 10 ce., 
autoclaved briefly, and assayed for vitamin B,, as indicated previously. 
The spectrophotometric values reported in Table IV were determined from 
the extinction coefficients of crystalline vitamin B,. conjugate (2). 

It will be noted that a large excess of conjugase was used in re!easing 
vitamin B,. from these conjugate preparations, much larger, in faet, than 
would be calculated to be necessary. The correlation between micro- 
biological and spectrophotometric measurements is good in all cases but 
one. No explanation is apparent for this failure. Although some prepa- 
rations of pure conjugate have been converted completely to free vitamin 


TasLe IV 


Microbiological Assay of Crystalline Vitamin B, Conjugate Preparations Following 
Treatment with Hog Kidney Conjugase; Comparison with Spectrophotometric 


Determinations 
Vitamin B, per cc 
Sample No. Microbiological assay alter enzyme treatment’ 
Lactobacillus casei Sipe 
515 16 13.3 15 
8 6.0 | 
701 | 32 23 
720 | 17 lS 
795 | 12.5 10.3 9.7 
91965 40 38 
1272 13 | 13 
1291 | 39 38.5 37 


* As estimated from the specific ultraviolet absorption properties of crystalline 
vitamin B,. conjugate (2). 

t Incubated with hog kidney conjugase and assayed according to a previously 
reported method (7). 


B, with only a small excess of conjugase, others have required a huge exeess 
to accomplish the conversion, which even then was net always co aplete 


DISCUSSION 


It seems remarkable that of the tissues examined as sources of vitamin B, 
conjugase all had pH optima at approximately 4.5; except chicken and 
turkey pancreas whose optima were at pH 7.0 to 7.5. Since the pH opti- 
mum for chicken pancreas was unaffected by the purity of substrete used, 
it seems probable that a different conjugase is present in chicken pancreas, 
and perhaps the pancreas of other fowl, than is found in the organs of 
mammals. 
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The demonstration of the presence of inhibitors for vitamin B, conjugase 
in crude yeast extracts and the fact that they are not readily eliminated 
during fractionation of these extracts indicate the possibilities of error in 
using a crude substrate to measure enzyme concentration. Since crude 
substrates such as yeast extracts or fractions prepared from them vary 
widely in their inhibitor content, the advantage of using the pure, crystal- 
line vitamin B, conjugate as a substrate in standardizing the enzyme prepa- 
rations is apparent. 

Mims and Laskowski (5) have mentioned the possible occurrence of a 
coenzyme for vitamin B, conjugase from chicken pancreas. In view of the 
loss of activity following precipitation with ammonium sulfate, dialysis, 
and other fractionation procedures, it seems likely that there also exists in 
hog kidney a coenzyme or enzyme activator for conjugase from this source. 
A frequently noted characteristic of this enzyme reaction has been its 
failure to go uniformly to completion, perhaps again indicating the im- 


portance of some coenzyme or enzyme activator. However, experiments | 
designed to demonstrate the existence of a coenzyme or enzyme activator — 
for hog kidney conjugase have thus far yielded only negative results. | 
Mims and Laskowski (5) have indicated that the calcium ion serves as an | 


activator for chicken pancreas conjugase but we have been unable to 
activate dialyzed hog kidney conjugase with calcium ion. 


SUMMARY 


The distribution oi vitamin B, conjugase in a number of tissues has been 


studied, with a partially purified preparation of vitamin B, conjugate as ~ 


substrate. All the sources exhibited a pH optimum at approximately 4.5 
except chicken and turkey pancreas, which had an optimum at pH 7.0 
to 7.95. 

The presence in yeast extract of a strong inhibitor for vitamin B, conju- 
gase has been demonstrated. This inhibitor was gradually removed during 
fractionation of yeast extract in the preparation of pure conjugate. 

The reaction of hog kidney conjugase has been studied with crystalline 


vrtamin B, conjugate as substrate. A unit of conjugase activity has been — 
defined, based on the amount of pure conjugate split by the enzyme in © 


unit time under specific conditions. 

A comparison is made of the vitamin B, content of several preparations 
of crystalline vitamin B, conjugate as determined spectrophotometrically 
and by microbiological assay following treatment. with hog kidney 
conjugase. 
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THE RESPONSE OF LACTOBACILLUS CASEI AND 
STREPTOCOCCUS FAECALIS TO VITAMIN 
B. AND VITAMIN B, CONJUGATE 


By O. D. BIRD anp MARY ROBBINS 
(From the Research Laboratories of Parke, Davis and Company, Detroit) 
(Received for publication, February 13, 1946) 


Our earlier attempts to assay natural products, such as extracts of yeast 
and liver, for uncombined vitamin B, by the Lactobacillus casei method 
recently described (1) led to inconsistent results. The potency values 
calculated for individual assay tubes increased markedly with each in- 
crease in amount of assay material added. When the turbidity readings 
for tubes containing these natural products were plotted against dosages, 
an exaggerated S-shaped curve resulted, compared to the typical! parabolic 
curve obtained for crystalline vitamin B., or concentrates of vitamin B,. 
These irregularities in assay results were particularly noticeable in a study 
of hog kidney conjugase, reported in the preceding paper (2), when an 
attempt was made to use Lactobacillus casei in assaying natural materials 
in which the vitamin B, conjugate had been only partially converted to 
vitamin B, by conjugase action. 

We tried to explain this difficulty on the basis of inadequacy of the assay 
medium. ‘Teply and Elvehjem (3) apparently noticed a similar phenom- 
enon and attempted to improve the assay procedure by introducing a new 
medium which included norit-treated peptone as a stimulatory factor. 
However, we were unsuccessful in modifying the medium so as to obtain 
assays without a drift in potency values when calculated over @ major part 
of the standard curve. Assays in which natural products were first treated 
with enzyme to release the vitamin B, from its conjugate did not give thie 
abnormal! response curve, and at first we attributed this difference to the 
presence in these materials of an unrecognized growth stimulant for Leete- 
bacillus casei whose effect was lost in the greater dilution necessary in 
assaying the enzyme-treated samples. Recently, when vitamin B, com- 
jugate was isolated in crystalline form (4), an opportunity was provided 
for determining whether or not this abnormal response was due to a supple- 
mentary stimulating factor. 


EXPERIMENTAL 


The assay procedure and method of treating samples with a conjugase 
preparation to liberate vitamin B, from its conjugate were those recently 
described (1). The conjugase preparation used was a clarified water 
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extract of fresh hog kidney which was kept frozen in test-tubes until used. 
When Sireptococcus faecalis was used as the test organism, the medium 
was the same but the incubation period was reduced to 18 hours. 

Typical dosage-response curves for crystalline vitamin B., crystalline 
vitamin B, conjugate,’ yeast extract, and liver extract are shown in Fig, }, 
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Fie. 1. Response of Lastobacillus caset to materials containing vitamin B, conju- 
gate before enzyme treatment. 


These curves indicate the abnormal response of Lactobacillus casei to crude 
materials containing a mixture of free and conjugated vitamin B,, and to 
crystalline vitamin B, conjugate. Divergence from the standard curve is 
particularly striking in the case of both yeast extract and crystalline vitamin 
B. conjugate. This is illustrated in the first part of Table I, where po- 


1 Kindly supplied by Dr. J. J. Pfiffner. 
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tency values calculated from individual tubes containing graded amounts 
of yeast extract are shown. They vary over a range of more than 300 
per cent, while the reading for the last tube was too high to be calculated 
from the standard curve. 

The three sources of vitamin B, conjugate described above were then 
incubated 16 hours at 45° with vitamin B, conjugase in excess and assayed 
with Lactobacillus casei. The average dosage-response curve for all three 
samples and the standard is shown in Fig. 2. It will be seen how the wide 
divergence of response from the standard curve has disappeared following 
enzyme treatment. This is also shown in the second part of Table I, 
where potency values calculated for individual tubes containing yeast 


TaBLeE I 


Campertion of Vitamin B, Assay Values for Yeast Extract, Calculated from Individual 
Assay Tubes before and after Enzyme Treatment 


| 


Before enzyme treatment After enzyme treatment 


Evelyn readings | vitamin Be pe | Evelyn readings cin Be 
Y Y 
31.2 95 0.64 3 72 Ww 
62.5 92 0.64 6 | 59.5 53.3 
125 75.5 1.12 9 i a 53.3 
187 58 1.54 12 49 | §0.8 
250 45.5 2.24 15 44 53.4 
875 33 42 


extract after enzyme treatment are shown. There is less than 10 per cent 
variation among the seven individual values. 

In Fig. 3 is shown a dosage-response curve for a mixture of free and 
conjugated vitamin B. compared to the standard curve for vitamin B.,, 
Streptococcus faecalis being used as the assay organism. In this case the 
points representing the response of this organism to the mixture of free 
and conjugated vitamin B. fall almost exactly on the standard curve. 


DISCUSSION 


It is generally considered that good matching of the dosage-response 
curves for a crude assay sample and a pure standard is the most reliable 
criterion of a good microbiological assay. This condition also may be 
described as freedom from drift in potency values calculated for individual 
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Fig. 2. Response of Lactobacillus casei ito ‘naterials containing vitamin conju. 
gate after treatment. 
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tubes in an assay. It is evident that this condition is not met when sam- 
ples containing both free and conjugated vitamin B. are assayed with 


Lactobacillus casez prior to treatment with vitamin B, conjugase. This is 


also true when a sample containing crystalline vitamin B, conjugate is 
assayed without enzyme treatment. Calculated potency values for indi- 
vidual assay tubes show an extreme drift and it is impossible to get a satis- 
factory assay for the true amount of free vitamin B, present. This is not 
the case when Streptococcus faecalis is used to assay a mixture of free and 
conjugated vitamin B,: The presence of conjugate does not cause an undue 
drift in assay values for individual tubes. Thus a mixture of free and 
conjugated vitamin B, may be much more satisfactorily assayed for free 
vitamin B, with Streptococcus faecalis than with Lactobacillus caset. 

This criticism of the Lactobacillus casei assay does not apply if the vitamin 
B, present as a conjugate has been entirely converted to the free form by 
adequate enzyme treatment prior to the assay procedure. The close 
matching of response curves for unknown and standard following treat- 
ment of the former with an enzyme preparation indicates that the 40 hour 
assay procedure used in the experiments reported here is equal in accuracy 
to 72 hour procedures employing acid titration. 

The S-shaped response curves obtained when samples containing vitamin 
B, conjugate are assayed with Lactobacillus casei prior to enzyme treatment 
are unexplained. One possible explanation may be that this organism 
produces an enzyme which splits the conjugate, thus freeing vitamin B, 
which in turn stimulates the growth of the organism. This phenomenon 
would be more pronounced in the tubes containing larger amounts of the 
conjugate, thus leading to the S-shaped response curve. 


SUMMARY 


The abnormal growth response of Lactobacillus casei obtained with erude 
substances containing vitamin B, conjugate is also obtained with erystalline 
vitamin B,. conjugate. This abnormal response is entirely eliminated S 
treatment of crude substances with a conjugase preparation which converts 
the vitamin B, present to the free form. 

Streptococcus faecalis does not display this abnormal response when used 
to assay free vitamin B, in the presence of vitamin B, conjugate. 
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STUDIES ON THE NATURE OF CARBOHYDRATE ACTiVATORS 
OF POTATO PHOSPHORYLASE* 


By ELSA C. PROEHLT anp HARRY G. DAY 


(From the Department of Chemistry, Indiana University, Bloomington) 
(Received for publication, February 4, 1946) 


Potato phosphorylase catalyzes the formation of a linear polysaccharide 
from glucose-l-phosphate (1). The reaction is dependent upon the pres- 
ence of some types of polysaccharide in relatively smail amounts. Such 
polysaccharides are believed to function as a source of short, linear chains 
onto which glucose from the substrate is added repeatedly in | ,4-a-glu- 
cosidic linkages by phosphorylase, thus forming long unbranched chains 
(2). The terms primer (3, 4), catalyst (5), and activator (2,6) have been 
used to designate them. 

In attempts to learn the nature of potato phosphorylase activators it 
has been found that glucosidic linkages characteristic of glycogen (e. 
1,6-a-glucosidic) are not required (2,7). Partial acid hydrolysis of amyl- 
ose (Fraction A, Schoch) and several natural starches markedly increase 
the activating power (6, 7). Estimations based on reactions of the ac- 
tivator fractions with iodine indicate that activation can be produced by 
linear dextrins containing not more than 7 or 8 glucose units per molecule 
(7). Data reported in a symposium (2), since the work to be presented 
here was concluded, show that @-amylase decreases the activating power 
of amylose and of amylopectin (Fraction B, Schoch), and that controlled 
acid hydrolysis of Schardinger dextrins produces activators of potato 
phosphorylase. 

The purpose of the present study was to secure additional evidence 
concerning the structure and size of carbohydrates capable of activating 
potato phosphorylase. 


EXPERIMENTAL 


The potato phosphorylase and glucose-l-phosphate were prepared im 
accordance with the methods described by Hidy and Day (7). A modi- 
fication (7) of the Green and Stumpf (5) procedure for the determination 
of phosphorylase activity was used. ; 

Effect of Different Carbohydrates on Activity of Potato Phosphorylase—A 


*This work was supported by a grant from the Corn Industries Research Founda- 
tion. 

t From a thesis submitted by Isa C. Proeh!] to the Faculty of the Graduate School 
in partial fulfilment of the requirements for the degree of Master of Arts, August, 145. 
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number of different carbohydrates were tested with respect to their abil- 
ity to activate potato phosphorylase. Each sample, except the amylose, 
was prepared by dispersing it in water, with heating if necessary. The 
amylose samples were dispersed in 1.7 N potassium hydroxide and quickly 
neutralized with hydrochloric acid. The same enzyme preparation was 
used to make all the determinations. 

The results are given in Table I. They show that amylopectin had the 
greatest activating ability. Our evidence indicates that its activity can- 
not be raised appreciably by acid hydrolysis (7). This is in agreement 
with the findings of Cori et al. (2). That unhydrolyzed-amytopectin is 
substantially different from liver glycogen is shown in Table I. It is also 
demonstrated by the results of partial acid hydrolysis on the ability of these 
materials to activate phosphorylase from potatoes and from muscle (2). 

In respect to structure, the results with mulin, dextran, and the poly- 
saccharide of pneumococcus type IIT and of Phytomonas tumefaciens are of 
interest. Because inulin is a fructosan it is not surprising that it had no 
activity. Unhydrolyzed dextran had less than 30 per cent of the activity 
of soluble potato starch. Since it appears to be a 1,6-a-glucosidic struc- 
ture (8), this may be the basis for the relatively low activity. The ac- 
tivity of the polysaccharide of type III pneumococcus was similarly low. 
Its structure has been reported to involve glycosidic linkages which alter- 
nate between positions 1,3 and 1,4 (9). Also, the glucuronosidic linkages 
have the 8 configuration. The polysaccharide produced by Phytomonas 
tumefaciens had no activity. The configuration of the constituent d-glu- 
cose units appears to be of the 8 type (10). 

Only one of the five dextrins reported here had relatively high activating 
ability. This dextrin was prepared! by treatment of a corn-starch slurry 
with hydrochloric acid to make a highly soluble starch. This was followed 
by a malting process which, on the basis of copper-reducing values, was 
much less complete than in the case of starch not treated with acid pre- 
vious to malting. Methanol was added to precipitate the limit dextrin 
from the soluble malted material. Each molecule of this dextrin con- 
tained an average of approximately 15 glucose units.2. Although the cal- 
culated average number of glucose units per molecule of malted corn-starch 
is almost identical (17 units), it had no activity. Carbohydrates tested 
which had 3 hexose units or less had no activity. Thus structure, as well 
as molecular size, is important for activating ability even in materials 
which have a relatively high concentration of terminal end-groups. 


1 Personal communication from Dr. D. P. Langlois. 
2 Estimated on the basis of the Hixon Rcy value of this dextrin, 


Rey of maltose (1900) * 2 
= 15 glucose units 


Rcu of sample (259) 
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Effect of Different Carbohydrates on Activity of Potato Phosphorylase 
Each test mixture consisted of 1.0 ml. of enzyme solution ((7), ». 277 


ml. of 


1.0 m citrate buffer of pH 6.2, 1.0 ml. of test carbohydrate, and 1.0 ml. of 0.1 w ele 


cose-1-phosphate. 


Carbohydrate 


Soluble potato starch, fat-free 


sé 


Amylose from corn-starch 
éé 
Amylopectin from corn-starch 
Glycogen from liver 
corn purified with NaOH 
“Whole corn polysaccharide”’ alcohol pptd. from 
aqueous extract 
Dextran from Leuconostoc mesenteroides 
Polysaccharide produced by Phytomonas tumefa- 
ciens 
Polysaccharide produced by type III pneumo- 
coccus 
Inulin 
Corn-starch oxidized with periodic acid 
Limit dextrin from malted HC]-treated 
starch 
Limit dextrin from malted corn-starch 
“i, corn syrup insoluble in 


corn- 


85% ethanol 

Limit dextrin from malted corn syrup insoluble in 
75% ethanol 

Limit dextrin from malted waxy maize starch 

Raffinose 

Melezitose 

Melibiose 

Cellobiose isolated from cotton 


Gentiobiose synthesized 


Source*® 


| Merck 


Schoch 


Kerr 


Schoch 


Lastman 
Morris 


Hassid 
Hodgson and 
Peterson 


Goebel 


Eastman 
 Hidy 
Langlois 


tastman 
se 


Student's 
preparation 
Proehl 


* Grateful acknowledgment is made to the following persons for eu; 


Amount 
added to 
reaction 
misture 


Activity? 


piviIng some 


of the materials-used: T. J. Schoch and R. W. Kerr, Corn Products Kefining Com 


pany; D. L. Morris, Mead Johnson and Company; W. Z. Hassid. 


Lnonversity of Cal- 


fornia; R. Hodgson and W. H. Peterson, University of Wisconsin; W. F. Goebel, 


The Rockefeller Institute for Medical Research; P. 


H. Hidy, 


and D. P. Langlois, A. E. Staley Manufacturing Company. 


} All results are expressed as per cent of the value for 5 mg. of solul:! 
starch, used as the standard. With this amount of activator 0.375 me. 


Baylor University; 


Corn 


of inorganic phosphorus is liberated in 10 minutes under the conditions preseribed 
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Dialyzability of Phosphorylase Activators—Amylose (Schoch) was hy-— 
drolyzed by hydrochloric acid, with the method previously described (7), 
until the activating ability was maximum. This coincided approximately 
with the achromic point. It was then neutralized with potassium hy- 
droxide and dialyzed at 4° against distilled water in Visking tubing. More 
than one-half of the total activating power was concentrated in the dialy- 
sate. Thus both dialyzable'and non-dialyzable activators are formed by 
acid hydrolysis of amylose. 

Effect of Alkali on Ability of Amylose to Activaie Potato Pith 
Amylose (Schoch) was kept dispersed in 2 N sodium hydroxide for 56 hours 
at 24° and then neutralized with hydrochloric acid. The activating power 
was not changed by the prolonged treatment with alkali. 

Effect of B-Amylase on Ability of Amylose and of Amylopectin to Activate 
Potato Phosphorylase—The method of Ballou and Luck (11) was used to 
prepare the B-amylase. To carry out the enzymatic reactions 500 mg. of 
amylose or amylopectin, as required, were dispersed in about 30 ml. ot 
1.8 n sodium hydroxide and immediately neutralized with dilute hydro- 
chloric acid. To this were added 50 ml. of 0.1 mM acetate buffer of pH 4.8. 
The volume was adjusted to 98 ml. and the mixture was kept at 30°. 
Finally 2 mg. of @-amylase in 2 ml. of water were added. At specified 
intervals the desired aliquots were removed for determinations of phos- 
phorylase-activating ability and reducing value, respectively; but pre- 
vious to these determinations the aliquots were placed in a boiling water 
bath for 10 minutes to inactivate the B-amylase. The ferricyanide method 
of Blish and Sandstedt (12) was used to determine the reducing values. 

The results are given in Table II. It is evident that the power of both 
polysaccharides to activate phosphorylase decreases progressively with the 
action of 8-amylase. In contrast to the effect of acid hydrolysis there was 
at no time an increase in the ability to activate phosphorylase. By the 
time maximum hydrolysis had occurred, as indicated by the ferricyanide- 
reducing values, the ability of the residual limit dextrins to activate phos- 
phorylase was practically nil. The results may be interpreted as evidence 
that the phosphorylase-activating ability of a carbohydrate is directly 
related to the concentration of non-maltosidie terminal glucose units, and 
that the chain length is a determinant of activating power. The latter 
is indicated by the evidence that 3-amylase-treated amylopectin has just as 
high concentration of terminal glucose units as the untreated polysac- 
charide (13); yet the activating ability is reduced. Since the outer 
branches of amylopectin molecules probably do not contain more than 6 or 
7 glucose units per linear branch (13), it may be concluded that the op- 
timum chain length for phosphorylase-activating ability must be as great 
as these branches; otherwise the action of 8-amylose would not promptly 
reduce that ability. 
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Effect of Acid Hydrolysis on Ability of Schardinger Dextrins to Activate 
Potato Phosphorylase—Two facts indicated that an activator of potato 
phosphorylase need not contain more than 7 or 8 glucose units per mole 
enle. They were (a) ability of achrodextrins to activate the enzyme (7 
and (b) the ability of activator material to dialyze. It was therefore 
logical to consider the activating ability of simple dextrins of known com- 
position. The Schardinger dextrins were a logical choice because the 
structures of both the a and 8 forms seem to be well established and the 
number of glucose units per molecule is 6 and 7 respectively. 

Owing to the absence of terminal non-maltosidic glucose units in these 
eycloamyloses, cleavage of the molecules by mild acid treatment was 


II 
Effect of B-Amylase on Ability of Amylose and of Amylopectin to Activate Potato 
Phosphorylase 
The composition of the test mixture is the same as in Table I, 
| Amylose Amylopectin 
| Reduction min) Reduction* 
min. | per cent | meg. per cent me 
0 | 0 0.19 0 0.44 
15 | 37 0.31 
30 | 38 0.15 19 0.15 
45 | | 0.12 
60 | 60 0.12 5S 0.10 
90 74 0.12 60 0.10 
120 82 | 0.11 61 0.08 
180 90 | 0.11 H2 0.07 
240 93 0.09 
300 94 0.09 
360 0.09 


* Expressed as per cent maltose. 


employed with the expectation that short chain amyloses (linear) would 
be formed. 

Several different hydrolytic conditions were studied. The results repre- 
sented in Fig. 1 were obtained as follows: 0.5 gm. of dextrin was dissolwed 
in 7.5 N hydrochloric acid. The volume was adjusted to 10.0 m!. The 
temperature was 24°. At specified intervals 1.0 ml. aliquots were re 
moved, neutralized with 1.7 N sodium hydroxide, and the volume adjusted 
to 10.0 ml]. Aliquots of these diluted neutral solutions were used within a 
few hours for determinations of phosphorylase activity and ferrieyanide- 
reducing abilities. 

As shown in Fig. 1, when either the a- or 8-Schardinger dextrin is used as 
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the only added activator of phosphorylase, the rate of phosphate liberation 
is significantly decreased, as compared with blanks to which no source of 
activator was added. The magnitude of the effect was in proportion to the 
amount of the cycloamylose added. Since there was enough residual 
activator in the purified glucose-l1-phosphate and potato phosphorylase to 
promote appreciable polysaccharide synthesis (7), the effect of Schardinger 
dextrins may be regarded as a form of competitive inhibition, as inter- 
preted by Green and Stumpf (5), who also noted the inhibiting effect. 

As shown in Fig. 1, the inhibiting effect of both dextrins was rapidly 
abolished by hydrolysis with acid and they became activators of the phos- 
phorylase. After the maximum activating ability was reached, the effect 
gradually diminished to zero. 


Fas. 


BERATED PER 10 


MG. 


— 
HOURS 
Fic. 1. Effect of hydrolysis by 7.5 nN HCl on the potato phosphorylase-activating 
power of a- and 8-Schardinger dextrins. Temperature 24°. The abscissa represents 
the length of hydrolysis; the ordinate, the rate of phosphorus liberation in the presence 
of 5 mg. of hydrolyzed dextrin. Lower curve, a-Schardinger dextrin; upper curve, 
8-Schardinger dextrin. 


The activity of the hydrolyzed 8-dextrin was approximately 30 per cent 
greater than the a-dextrin hydrolyzed to a comparable degree, as deter- 


mined by ferricyanide reduction. This indicates that the hydrolytic . 


products from the former dextrin have greater activating power than those 
from the latter. Presumably the average chain length of the #-dextrin 
products is 1 glucose unit greater than the products from the a-dextrin. 
Therefore, linear dextrins containing 6 or less glucose units may not be as 
capable of activating potato phosphorylase as those containing 7, or per- 
haps more, glucose units. Due to the inhibiting effect of the unhydrolyzed 
dextrins, fully satisfactory comparison of the activating ability of the 
hydrolytic products cannot be made until the latter have been isolated in 
pure form. 

Special significance should be attached to the evidence that both of the 
Schardinger dextrins competitively inhibit polysaccharide synthesis, 
whereas the opposite effect is caused by dextrins formed by acid hydrolysis 
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of either of these compounds. The number of glucose units in each case 
is of the same magnitude. According to present concepts of structure 
(14, 15), the only difference between inhibition and activation, in this 
case, is that the former effect is associated with a closed ring structure, 
whereas the latter is associated with an unclosed ring (helix). Therefore, 
on the basis of present views concerning the relation of chemical structure to 
biological activity (16), it might be postulated that unhydrolyzed Sehar- 
dinger dextrins inhibit polysaccharide synthesis because they are so similar 
in configuration and dimensions to the activator groups (helical, open 
chain) that they are able to compete with the latter for essential reactive 
positions on the enzyme. Owing to the lack of terminal glucose units in the 


Tas_e III 
Effect of Acid Hydrolysis on Ability of Schardinger Dextrins to Activate Potato 
Phosphorylase 
Each test mixture contained the equivalent of 5 mg. of dextrin. The hydrolysis 
mixture contained 1.0 gm. of dextrin per 20.0 ml. of 11 Nn HeSO, at 24°. 


| a-Schardinger dextrin | 8-Schardinger dextrin 
Time 
Reduction* | Reduction* Activity CP 
Ars. per ceni meg. | per cent | img. 

0 0 —0.10f 0 | —0.01f 
10 0.10 | 0.15 
22 14 0.14 | 9 | 0.25 
36 19 0.19 | 17 | 
46 25 0.21 | 23 0.33 
76 | 30 | 0.35 
98 52 0.43 | 

104 | 48 | 0.34 


* Expressed as per cent glucose. 

t The negative values indicate that the dextrins inhibited the activating ability 
of the polysaccharide contaminating the enzyme preparation and the glucose-1- 
phosphate so that the phosphorus values were lower than those of the blanks. 


Schardinger dextrins, glucose units from the substrate would not be added ; 
consequently polysaccharide synthesis would be blocked. 

Hydrolysis wich Sulfuric Acid—The differences between hydrochloric 
acid and sulfuric acid on the hydrolysis of the cycloamyloses were quite 
marked. When 7.5 n sulfuric acid was used, the rate of hydrolysis at 
24° was exceedingly slow as compared with hydrochloric acid of equal 
strength. As shown in Table III, 11 N sulfuric acid was also quite slow. 
Even after 4 days not more than 50 per cent of either dextrin had been 
completely hydrolyzed. Also, the hydrolyzed fragments with activating 
ability appeared to be fairly stable in sulfuric acid under these conditions. 

Likewise, the hydrolysis of amylose by 11 N sulfuric acid was much slower 
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than when 7.5 n hydrochloric acid was used. Lower concentrations of 
the former acid were even less effective. When 11 N sulfuric acid was 
used at 24°, approximately 40 hours were required to attain the maximum 
activating effect. In addition, the rate of decline in activating ability was 
very gradual. 10 days after the maximum had been reached the activating 
power had declined approximately 40 per cent. 7 days later it had not 
undergone further decline. The behavior of amylose and of Schardinger 
dextrins in sulfuric acid may be of considerable practical value in isolating 
short chain dextrins with high activating ability. 


SUMMARY 


The ability of different polysaccharides, dextrins, and certain di- and 
trisaccharides to activate potato phosphorylase was determined. Amylo- 
pectin from corn-starch had the greatest activity. Melezitose and raffinose, 
which are trisaccharides, had no activity. 

Hydrolysis of amylose and of amylopectin by 8-amylase caused a pro- 
gressive decrease in activating power. On the other hand, hydrolysis of 
amylose with either HCl or H.SO, markedly increased its activity. 

The effect of a- and 8-Schardinger dextrins in inhibiting the activating 
ability of polysaccharides was confirmed. Partial hydrolysis of these 
dextrins with either HCI or H.SO, caused them to be activators of potato 
phosphorylase. 

Certain phosphorylase activators are fairly stable in strong HSQ,. 

It is concluded that activators of potato phosphorylase need not con- 
tain more than 6 or 7 glucose units per molecule and that the Schardinger 
dextrins are promising sources of material for the continuation of investiga- 
tions on the nature of the activators of potato phosphorylase. 
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VITAMIN CONTENT OF MOUSE EPIDERMIS DURING 
METHYLCHOLANTHRENE CARCINOGENESIS 


I. BIOTIN, CHOLINE, INOSITOL, p-AMINOBENZOIC ACID, AND 
PYRIDOXINE* 


By E. L. TATUM,+t M. G. RITCHEY, E. V. COWDRY, ano L. F. WICKS 


(From the Barnard Free Skin and Cancer Hospital, the Department of Anatomy. 
Washington University School of Medicine, Si. Louis, and the Department of 
Biology, Stanford University, California) 


(Received for publication, February 15, 1946) 


In the Barnard Free Skin and Cancer Hospital project to analyze the 
carcinogenic effect of methylcholanthrene on mouse epidermis (1), data on 
the levels of certain inorganic constituents and of ascorbic acid (2, 3) and of 
lipids (4, 5) in the reacting epidermis have been published. Although a 
number of investigators have found differences between normal and cancer- 
ous tissues in certain vitamins of the B group (6-9), these important con- 
stituents have not previously been determined either in isolated epidermis 
or during controlled methylcholanthrene carcinogenesis. Accordingly, 
vitamin bioassay methods, with mutant strains of Neurospora (10), have 
been developed or modified for ue in measuring the epidermal content of 
certain vitamins during methylcholanthrene carcinogenesis. The results 
of a considerable number of determinations suggest that the application of 
methylcholanthrene in benzene solution does not significantly alter the 
levels of inositol, choline, or p-aminobenzoic acid in mouse epidermis. A 
slight increase in pyridoxine content seems to follow treatment with methy!- 
cholanthrene (to 124 per cent of normal) and also with benzene alone (to LIS 
per cent of normal). The most striking specific effect of methylcholan- 
threne is an apparent decrease in the biotin content to 64 per cent of normal. 


EXPERIMENTAL 


Material—Female Swiss mice, 3 to 6 months old, were used, except as 
indicated in Table III. The animals, in groups of thirty, were shaved over 
the entire back, only distilled water being used to wet the hair. After 
a 2 or 3 day interval, they were painted over the shaved areas either with 
reagent grade benzene or with a 0.6 per cent solution of 20-methylcholan- 
threne in benzene, a No. 5 camel’s hair brush being used, as previously de- 


* Aided by grants from the Jane Coffin Childs Memorial Fund for Medical Research, 
an anonymous donor, and the National Cancer Institute. 

t Present address, Osborn Botanical Laboratory, Yale University, New Hayen, 
Connecticut. 
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scribed (4). The benzene-treated controls and the methylcholanthrene: 
treated mice were painted three times a week, different groups receiving one, 
three, six, thirteen, or twenty-five paintings. ‘The groups painted one or 
three times were killed with chloroform 10 days after the first painting; 
those painted six, thirteen, or twenty-five times were killed respectively 20, 
30, and 60 days after the first painting, while the untreated contrcls were 
killed 10 days after they were shaved. Before any of the animals were 
killed, they were dry-shaved, if necessary, to remove any regrown hair. In 
all cases the epidermis was separated by blunt dissection at 50°, according 
to the method of Baumberger, Suntzeff, and Cowdry (11). The pooled 
sample of epidermis from each group of thirty mice was dried in vacuo over 
phosphorus pentoxide at room temperature in the dark for a minimum of 
60 hours, and was stored under the same conditions. The dry weights of 
the pooled samples ranged from 0.4 to 0.8 gm. 

Extraction—Inositol and choline and most of the rest of the B vitamins 
are present in tissues in the bound form and must be in solution for assays. 
Liberation with acid was selected in preference to enzyme treatment (12), 
since acid hydrolysis is necessary for choline (13), and should be equally 
effective for biotin (14), p-aminobenzoic acid (15), and inositol (16). For 
liberation of pyridoxine, 1 N hydrochloric acid for 1 hour (17) and 2 Nn sul- 
furic acid for 4 hour (18) have been recommended. However, pyridoxine 
has been shown to stand autoclaving with 4 N sulfuric acid for 4 hour (19). 
Preliminary assays of epidermis gave as high or higher values for all five 
vitamins after treatment with 4 Nn sulfuric acid and neutralization with 
sodium bicarbonate as after 1 N sulfuric acid and neutralization with barium 
hydroxide (13). Under the conditions used, the salt concentration was 
found not seriously to interfere with the assays. Treatment with 4 N 
sulfuric acid for 2 hours at 15 pounds pressure was therefore selected for 
liberation of all five substances. After autoclaving with 1 cc. of acid per 
0.1 gm. of dry epidermis, each extract was diluted with water, neutralized 
to Congo red with sodium bicarbonate, filtered, made up to standard volume 
(1 cc. per 6 mg. of dry epidermis), and adjusted to pH 5.5. The solutions 


were placed in flasks, a few drops of toluene added, and the flasks corked __ 


and stored at 10° until needed. Assays run on samples stored up to 1 
month showed no significant alterations in the values for these five sub- 
stances. 

General Assay Procedure—All glassware used for assays or for storage of 
samples was routinely cleaned with chromic-sulfuric acid mixture and 
thoroughly rinsed. Different mutant strains of Neurospora were used ior 
-theassays. These strains had been produced by x-ray and ultraviolet light 
treatment and each requires for growth a specific vitamin (10, 20). They 
can be used for bioassays of these vitamins by measuring the growth in 
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liquid medium (13). The growth of each strain is a function of the concen- 
tration of the required vitamin added. The minimal medium previously 
described (13) was made up in twice the final desired concentration, steri- 
lized, and diluted as required. 10 cc. lots of medium containing the desired 
supplements were placed in 50 cc. Erlenmeyer flasks, as used by Stokes et al. 
(17), plugged with purified absorbent cotton, and sterilized for 10 minutes 
at 15 pounds pressure. Each flask of medium was then inoculated with 1 
drop of a water suspension of conidia of the appropriate strain of Neuro- 
spora. Cultures grown on agar slants and not over 14 days old were used 
to prepare the inoculum. ‘The flasks were incubated at 25° for 72 hours 
without shaking. At the end of this period, the mycelium was removed 
from the flask, placed on filter paper in a Biichner funnel, washed well with 
distilled water, removed from the filter paper, and dried in an oven at 90° 


TABLE [ 
Range of Vitamin Concentrations Effective for Strains of Neurospora 


Effective vitamin Bibliographic 
Vitamin Strain range per flask reference to other 
(10 cc. of medium) Neurospora assays 


N. crassa 1 0.00005- 0.001* | (21) 

_p-Aminobenzoic acid......... 1633 0.01 - 0.05 (15, 25) 

silophila 299 0.005 - 0.07T | (17) 


* Biotin-free minimal medium. 
+ Minimal medium containing 3 y of thiamine per 10 ee. 


for2 hours. The dried mycelium was then weighed to the nearest 0.1 mg. 
directly on the pan of an analytical balance. 

Specific Assay Procedure—The strain of Neurospora used for each assay 
and the effective range of vitamin concentrations under the adopted condi- 
tions are given in Table I. Inositol was determined® with N. crassa 37401 
essentially as described by Beadle (24). Strain 1633 (15, 25) was used for 
the assay of p-aminobenzoic acid. The wild type strain of NV. crassa (strain 
1) was used for the determination of biotin by the same procedure as the 
other assays except that biotin-free medium was used. This was prepared 
in the same manner as the other minimal medium but with omission of 
biotin! and with the use of sucrose which had been treated in 20 per cent 
solution with one-tenth of its weight of norit. (Hodson (21) has found the 
cholineless Neurospora crassa (strain 34486) satisfactory for biotin assays as 
well as for choline assays.) 


1 The biotin used in this work was kindly supplied by Merck and Company, Inc., 
Rahway, New Jersey. 
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Pyridoxine was determined with Neurospora sitephila strain 299 essen- 
tially as reported by Stokes et al. (17), but instead of destroying thiamine 
in the extracts tested, an excess of thiamine (3 y per 10 ec.) was added to the 
basal medium. Under these conditions, the stimulating effect of thiamine 


on the response of strain 299 to pyridoxine (26) increases the sensitivity of 


the assay, and incubation at 25° for 3 days is then adequate. The growth 
response to limiting amounts of pyridoxine was observed to be maximal and 
constant in the presence of from 1 to 6 y of thiamine per 10 cc. of medium, 


Tas.e II 
Within Series Reproducibiliiu of Vitamin Assays and Recoveries of Added Vitamins 
Epi- | Vita- Vitamin found 
Per fask extract 
Biotin 0.2 (0 7.7,8.2 0.000195) 0.00098 
(0.4 0 12.2, 11.8 0.00088 | 0.00095 
(0.6 0 | 15.4, 16.4 0.00060 | 0.0010 | . 
0.2 0.0001) 10.4, 9.6 (0.00030 0.000105) 105 
Choline 0.1 10,72 15.0 
0 16.2,16.3 /4.55 (15.2 
10.5 0 4, 22.2 7.2 14.4 
10 (03,05 25. 1.0 100 
Inositol 10.5 10 1.9,2.0 1.9 | 3.8 
11.0 0 47,47. 4.15 4.15 
(2.0 /9.0,9.2 6:75 | 
| (0.5 3.0 {61,61 60 8.1 103 
p-Aminobenzoie acid 0 4.9.4.6 0.019 0.019 
0 |9.7,9.4 0.028 0.014 
(1.0 0.02 14.7,158 0.038 0.019 95 
Pyridoxine 0.5 0 4.8,5.4 0.0085 0.017 
(1.0 0 '9.0,8.6 0.019 | 0.019 
(0.5 (0.01 | 8.3,9.6 0.0195 0.011 110 


Neurospora crassa strain 34486 was used for the determination of choline 
essentially as described by Horowitz and Beadle (13), except that permutit 


adsorption of the extract was omitted. Preliminary assays of epidermis 


gave the same choline values with this procedure as with the hydrolysis and 
adsorption procedure of Horowitz and Beadle (see also Hodson (21), Luecke 
and Pearson (22), and Siegel (23)). The choline content of epidermis 1s 
apparently so high in relation to that oe methionine that the removal of the 
latter is unnecessary. 

A standard curve was made for every run of each Vv itarain. with all eon- 
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centrations in duplicate. For each sample of epidermis assayed, two or 
three levels of extract, in duplicate, were used for each determination. The 
amount of the vitamin in each extract was then estimated from the stand- 
ard curve. Typical results are given in Table IJ. In all assays the vita- 
min contents per gm. of dry epidermis calculated from the growth at differ- 
ent levels of extract were in good agreement, and the recoveries of added 
vitamins were satisfactory. The reliability of the extraction and assay 
techniques was tested by repeating the assays on several extracts at different 
times up to several weeks apart, and by assaying independently prepared 
extracts of the same samples of epidermis. In both cases the resui‘s agreed 
within the limits allowable for a bioassay. 


TaBLeE III 
Vitamin Content of Mouse Epidermis during Methylcholanthrene Carcinogenesis 
The values given are in micrograms per gm. of dry epidermis, for the number of 
groups indicated in parentheses. 


Treatment paintings Biotin Choline | Inositol | ,#Amino- || pyridoxine 

Normal* 0.196 (5) | 2471 (5) | 526 (5) | 2.40 (5) | 2.45 (5) 
Benzene 1 0.197 (2) | 2625 (2) | 5389 (2) | 2.19 (2) | 2.70 (2) 
3 0.200 (2) | 2630 (2) | 536 (2) | 2.55 (2) | 2.57 (2) 

6 0.232 (2) | 3315 (2) | 632 (2) | 2.10 (2) | 3.49 (2) 

13 0.163 (3) | 2636 (2) | 568 (2) | 2.33 (3) | 2.76 (2) 

Methylcholanthrene 1 0.116 (2) | 2640 (2) | 535 (2) | 2.32 (2) | 2.72 (2) 
2 3 0.122 (3) | 2270 (3) | 516 (3) | 2.02 (3) | 2.96 (3) 

6 0.132 (2) | 2925 (2) | 569 (2) | 2.92 (2) | 2.95 (2) 

13 0.124 (2) | 2820 (2) | 547 (2) | 2.67 (2) | 3.29 (2) 

25 0.136 (2) | 2791 (2) | 582 (2) | 2.14 (1) | 3.45 (2) 


* Includes two lots of mixed Swiss and New Buffalo mice. 


Results 


Tables III and IV present the results obtained with groups of mice 
painted with benzene up to thirteen times over a period of 1 month and 
with groups painted with a 0.6 per cent solution of 20-methylcholanthrene 
in benzene up to twenty-five times over a period of 2months. Dry weight 
of epidermis, rather than wet weight, was used as the basis of reference, 
since in separation of the epidermis from the dermis at 50° there was a 
variable loss of water from the tissue. 

There was no change in the values for p-aminobenzoic acid following the 
application of either benzere alone or methylcholanthrene in benzene. 
Choline and inositol values showed a slight increase in the methylcholan- 
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threne-treated mice with a somewhat greater increase in the benzene control 
mice. In the benzene controls, the choline averaged 113 per cent of the 
normal and the inositol 108 per cent of normal. However, as is shown in 


- Table IT, the method of assay has an error of at least 10 per cent and there- 


fore no conclusions can be drawn from these small changes in value. The 
pyridoxine values showed a somewhat greater increase, to 118 per cent of 
normal in benzene-treated mice and to 124 per cent in methylcholanthrene- 


treated mice. 


Of the vitamins studied, the biotin content showed the most marked 


“ change, the average for the mice treated with methylcholanthrene in ben- 


zene being 64 per cent of normal, while the average for the benzene controls 
was 99 per cent of normal. With methylcholanthrene painting the biotin 
content was slight!y lower after one painting than it was after a number of 


: a 3 paintings. Although the average biotin value for all of the benzene con- 
- trols was 99 per cent of normal, benzene alone may have some depressing 


TasBLe IV 
Summary of Vitamin Content of Mouse Epidermis during Methylcholanthrene 
Carcinogenesis 


The values are averages in per cent of the values for normal epidermis, for the 
number of groups indicated in parentheses. — 


Treatment of epidermis Biotin Choline Inositol | “acid | PYtidoxine 
99 (9) /113 (8); 108 (8) 96 (9) 118 (8) 
_ Methylcholanthrene.......... 64 (11) | 107 (11) | 104 (11) | 100 (10) | 124 (11) 


effect upon the biotin content of the epidermis, since after thirteen benzene 
paintings the biotin value was 83 per cent of normal. 


DISCUSSION 


The validity of the observed variation in the biotin content of mouse 
epidermis during methylcholanthrene carcinogenesis is perhaps supported 
by the consistency of the results obtained for the other vitamins determined 
and for biotin in normal epidermis. The fall in biotin occurs rapidly, after 
only a single application of methylcholanthrene, and is in this respect 
analogous to the behavior of the iron and calcium (2) and the total fat (4). 
This lowered biotin content may result from altered biotin metabolism. 
Burk and Winzler have suggested that the metabolism of biotin vitamers 
may be abnormal in tumors (27). 

Although the slight increases in pyridoxine content with methylcholan- 
threne treatment are not statistically significant, further determinations 
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may support the apparent trend toward higher pyridoxine levels and make 
possible an appraisal of the validity of the rise with benzene treatment 
alone. The pyridoxine values represent ‘‘total Bs’? content, since Neuro- 
spora responds equally well to pyridoxine, pyridoxal, and pyridoxamine 
(28). Assays for specific vitamin Be derivatives in methylcholanthrene- 
treated epidermis might be quite illuminating in regard to a possible change 
in pyridoxine metabolism. 

Changes in both biotin and pyridoxine levels might be associated with 
changes in nitrogen metabolism, since both biotin (29) and pyridoxine (30— 
32) seem to be concerned with nitrogen metabolism. 

Finally, it should be emphasized that the biochemical changes reported 
in this and previous communications from this laboratory (2-5) represent 
only steps toward the development of a complete, unified picture of all the 
biochemical changes taking place in epidermis during methylcholanthrene 
carcinogenesis, and that only the complete picture may enable the relation 
of any changes to the development of malignancy. 


SUMMARY 


By the use of mutant strains of Neurospora the levels of biotin, choline, 
inositol, p-aminobenzoic acid, and pyridoxine have been followed during 
methylcholanthrene carcinogenesis. 

No significant changes in inositol, choline, or p-aminobenzoic acid were 
observed. The pyridoxine content appeared to increase slightly after either 
methylcholanthrene or benzene treatments. 

The biotin content was found to decrease after methylcholanthrene treat- 
ment, reaching a level of 64 per cent of normal after a single application of 
the carcinogen, and maintaining approximately the same level during re- 
peated paintings over a period of 60 days. 
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THE HYDROLYSIS OF HYDANTOIN BY VARIOUS TISSUES 


By FREDERICK BERNHEIM anp MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and of Biochemistry, Duke 
University School of Medicine, Durham, North Carolina) 


(Received for publication, February 14, 1946) 


In 1912 Lewis (1) administered hydantoin to rabbits, cats, and dogs 
and came to the conclusion that the ring was not readily broken in the body. 
Gaebler and Keltch (2) some years later showed that some hydantoin was 
excreted as hydantoic acid after injection into dogs. Wada (3) claimed 
that urea was produced from hydantoin after incubation with milk or 
certain tissue suspensions. Finally, Kozelka and Hine (4) gave diphenyl- 
hydantoin to men and dogs and found that 1 to 5 per cent was excreted as 
the corresponding hydantoic acid and 10 to 27 per cent as a-aminodiphenyl- 
acetic acid. About 30 per cent of the drug was unaccounted for. It was 
therefore of interest to investigate the metabolism of hydantoin and the 
dipheny] derivative in detail by zn vitro methods. 


EXPERIMENTAL 


The first experiments were done with rat liver slices suspended in Krebs’ 
bicarbonate solution. 300 mg. of slices (wet weight) were suspended in 
4.0 ee. of solution and placed in 50 cc. Erlenmeyer flasks in an atmosphere 
of 95 per cent Oz and 5 per cent COz or 95 per cent Nz and 5 per cent CO. 
2.0 to 4.0 mg. of hydantoin or diphenylhydantoin (kindly supplied by Dr. 
E. A. Sharp of Parke, Davis and Company) were added and the vessels 
incubated for 3 to 4 hours at 37°. At the end of this time 1.0 cc. of 20 per 
cent trichloroacetic acid was added to each vessel and the precipitated 
protein was centrifuged down. An aliquot of the supernatant fluid was 
subjected to Archibald’s (5) procedure for citrulline, which gives no color 
with the hydantoins but does with the hydantoic acids, and another aliquot 
to Bonsnes and Taussky’s (6) creatinine method which gives a color with 
hydantoins but not with the coresponding acids. By these methods the 
following facts were established. Hydantoin is rapidly hydrolyzed by 
rat liver slices, and less rapidly by kidney. The hydrolysis occurs equally 
well with or without oxygen, and in the presence of cyanide. Dipheny!l- 
hydantoin, however, is not hydrolyzed. It is very insoluble and possibly 
the negative result is due to an inadequate concentration of substrate in 
solution. To certain of the vessels in which hydantoin had been incubated 
& solution of urease was added at the end of the experiment before the 
addition of the trichloroacetic acid. After 30 minutes incubation at 40° 
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the solutions were tested both for the presence of hydantoic acid and am- 
monia, the latter by a vacuum distillation method. The results showed 
that no urea was formed either aerobically or anaerobically. 

When these facts had been established, tissue supensions were substituted 
for slices. Rat liver suspensions hydrolyze hydantoin rapidly and the 
hydantoic acid produced will displace carbon dioxide from solution, thus 
making it possible to obtain accurate measurements of the rate of reaction. 
The suspensions were made in 0.05 m phosphate buffer of pH 7.8 containing 


+ 


2.0 MG. 
No CN 


2.0 MG. 
+ARSENITE 
HOURS 
! 2 3 4 5 


Fic. 1. The hydrolysis of 1.0 and 2.0 mg. of hydantoin by dialyzed rat liver suspen- 
sion, pH 7.8, 37°, and the effect of monoiodoacetate, cyanide, and arsenite on the rate 
of hydrolysis of 2.0 mg. The double arrow represents the theoretical COs production 
for the hydrolysis of 1.0 mg. of hydantoin to hydantoic acid. 


0.05 m sodium bicarbonate and were equilibrated in Warburg vessels with — 
95 per cent N2 and 5 per cent CO». The hydantoin was added from the — 
side arm and the CO, evolution measured in the usual way. Fig. 1 shows | 
that the theoretical amount of CO, is displaced and that the amount 18 | 


proportional to the concentration of hydantoin. 


The distribution of the enzyme in various organs and animals was first | 


studied. It is active in rat liver and less active in rat kidney, but is absent 
from blood and brain. It is present in dog liver and kidney, cat kidney, 
questionably in cat liver, and in frog liver. It is absent from dog and cat 
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blood, mouse liver, rabbit and guinea pig liver, kidney, and blood, and 
frog kidney. 100 mg. of pancreatin (Merck) do not hydrolyze hydantoin. 
With the exception of the mouse, it seems that the enzyme is present in 
omnivores and absent in herbivores. Neither diphenylhydantoin nor 
barbituric acid is hydrolyzed by any of these tissues. 

The characteristics of the enzyme in rat liver were studied. The tissue 
suspension can be dialyzed for 18 hours without loss of activity. Precipi- 
tation of the suspension with half saturation of ammonium sulfate or 50 
per cent alcohol and subsequent dialysis yields only inactive fractions. 
Precipitation with acetone causes approximately a 50 per cent loss in 
activity. The rate of hydrolysis in dialyzed liver suspension is not affected 
by 0.4 X 10-* m sodium cyanide, 0.6 m cysteine, 0.3 10-7 m 
monoiodoacetate, 3.6 < 10-2 m sodium fluoride, nor a saturated solution of 
diphenylhydantoin, but is about 80 per cent inhibited by 0.2 K 107? m 
sodium arsenite. These results are shown in Fig. 1. The enzyme has 
no sharp pH maximum in the range studied. Thus the rates of hydrolysis 
at pH 6.7, 7.8, and 8.6 are within 10 per cent of each other. 


DISCUSSION 


As far as we are aware the known peptidases do not hydrolyze hydan- 
toins and this suggests that a specific enzyme is involved. Its function 
in the animal is not clear, for hydantoins do not occur in nature. It is 
possible that substituted hydantoins are also hydrolyzed by the enzyme, 
as suggested by the results of Kozelka and Hine with diphenylhydantoin. 
The failure to show hydrolysis of this latter compound in vitro may simply 
be due to its insolubility in water at physiological hydrogen ion concentra- 
tions. 


SUMMARY 


The distribution and properties of an enzyme that hydrolyzes hydantoin 
have been described. 
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TRANSAMINATION IN GREEN PLANTS 


By NIILO RAUTANEN 
(From the Biochemical Institute, Helsinki, Finland) 


(Received for publication, March 5, 1946) 


The transamination reaction discovered by Braunstein and Kritzmann 
(1) in 1937 seemed, according to their investigations performed with animai 
tissues, to explain the formation of all amino acids in them. In this lab- 
oratory, the reaction has been under investigation during the elucidation 
of the synthesis of amino acids in green plants, in which the said reaction 
was demonstrated by Virtanen and Laine (2) in 1938. It was noted in the 
system [(+)-glutamic acid + oxalacetic acid = a-ketoglutaric acid + 
l(—)-aspartiec acid, and also in the systems /-aminodicarboxylic acids + 
pyruvic acid and J/-aminodicarboxylic acids + a-ketoisocaproic acid. 
In the former case the reaction was strong; in the latter weak. Hydroxy- 
glutamic acid did not transfer its amino group with pyruvic acid. When 
phenylpyruvic acid was the other component with /-aminodicarboxylic 
acids, no transfer of amino groups occurred (3). 

I have examined the transamination in green plants further, both with 
crushed plant material and by the vacuum infiltration method, and have 


noted that many different plant tissues contain — which catalyze 
the reaction. 


Analytical Methods 


Aminodicarboxylic acids were precipitated according to the method of 
Foreman. Aspartic acid was determined, after precipitation according to 
Foreman, with the malic acid method of Pucher (4) adapted by Arhimo 
(5) to aspartic acid. 

Results 


In systems in which /-glutamic acid or a-ketoglutaric acid acted as the 
dicarboxylic acid component, the reaction maximum was reached in 40 to 
60 minutes. When /-aspartic acid or oxalacetic acid was the dicarboxylic 
acid component, the reaction was slower and the percentage of transamina- 
tion lower (Fig. 1). In systems of both kinds, the optimum pH was 
about 6.9 (Fig. 2) and the optimum temperature 41° (Fig. 3). 

In the following combinations, the rate of reaction was found to decrease 
in the following order. 

(1) a-Ketoglutaric acid + /(—)-aspartic acid = 


1(+-)-glutamic acid + oxalacetic acid 
(2) a-Ketoglutaric acid + /(+)-alanine = 1(+)-glutamic acid + pyruvic acid 
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688 TRANSAMINATION IN GREEN PLANTS 


(3) Oxalacetic acid + 1(+)-alanine = 1(—)-aspartic acid + pyruvic acid 
(4) a-Ketoglutaric acid + /(+)-valine — 1(+-)-glutamiec acid + a-ketovalerie acid 


The reaction last mentioned was weak. 

With the following acid combinations transamination could not be 
demonstrated: /(+-)-glutamic acid + phenylpyruviec acid, a-ketoglutaric 
acid + /(—)-tyrosine, l(—)-aspartic acid + phenylpyruvic acid, oxalacetie 
acid + l(—)-tyrosine, oxalacetic acid + /(+-)-valine. 

Virtanen and Laine stated that the important amides in plants, glutamine 
and asparagine, are not able to transfer the amino group. 


40 Fig. 1 40 Fig 2 40 Fig. 3 
& 20 
lio 
£0 {20 6 7 20 30 
Min. pH "Cc. 


Fics. 1 ro 3. The solid circles represent glutamic acid + pyruvic acid; the clear 
circles, aspartic acid + pyruvic acid. 


It is apparent that the formation of certain aliphatic amino acids, 
notably of alanine, occurs through transamination in plants. On the other 
hand, in the formation of aromatic amino acids, this reaction mechanism 
does not seem to have any direct influence. Accordingly, these amino 
acids must be formed through some other mechanism. It is interesting 
to emphasize in this connection that most amino acids can be regarded as 
derivatives of alanine. 
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PRESSURE AND PROTEIN DENATURATION 


By FRANK H. JOHNSON* ann DAN H. CAMPBELL 


(From the Gates and Crellin Laboratories of Chemisiry, California Institute of 
Technology, Pasadena) 


(Received for publication, February 6, 1946) 


Kinetic analyses have indicated that moderate hydrostatic pressures, 


| up to some 700 atmospheres, oppose reversible and irreversible denatura- 


tions of certain enzyme systems, apparent at temperatures above the 
normal optimum of the enzyme reaction, as well as at lower temperatures 
in the presence of denaturants such as alcohol (1-4). Qualitative obser- 
vations have shown that such pressures also retard the precipitation of 
highly purified human serum globulin and egg albumin at 65° (5) and 
slow the destruction of specific antitoxic activity at the same temperature 
(6). In this study we have obtained quantitative data with regard to the 
influence of various pressures, up to 10,000 pounds per sq. in., and of low 
concentrations of ethyl alcohol on the time course of precipitation of 
human serum globulin! at 65° and pH 6.0. 


EXPERIMENTAL 
Methods 


Solutions of approximately 2 per cent globulin were made in 0.8 per 
cent NaCl containing 0.01 m phosphate buffer, pH 6.0. Portions of the 
stock solution were generally diluted to one-third with the buffered salt 
solution, and then distributed in 100 X 13 mm. test-tubes. For denatura- 
tion at normal pressure, the tubes were stoppered and placed in a water 
bath at 65° + 0.02°. Similar tubes were completely filled with portions 
of the same solution, closed with rubber stoppers, and placed in a water- 
filled, steel pressure chamber which was then attached to a hydraulic 
pump. The desired pressure was applied and the entire chamber was 
placed in the same water bath. Temperature equilibration required 24 
minutes outside, and 54 minutes inside the pressure chamber. The lag 


* Fellow of the John Simon Guggenheim Memorial Foundation, from the Depart- 
ment of Biology, Princeton University, Princeton, New Jersey. 

1 The preparation of human serum globulin was obtained through the kindnees of 
Professor E. J. Cohn of the Harvard Medical School. Electrophoretic analysis indi- 
cated 94 per cent y-, 3 per cent a-, and 3 per cent 8-globulin. The preparation con- 
tained pseudoglobulin as well as euglobulin. It was made under a contract, recom- 
mended by the Committee on Medical Research, between the Office of Scientific Re- 
search and Development and Harvard University. 
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in heating, for which allowance in timing was always made, introduced g 
source of error because of the changing rates of reaction with rise in temper. 
ature. Because of the high temperature coefficient of denaturation, 


however, this error was small, except with very brief periods of heating, | 
Substantial agreement (within 5 per cent) was obtainec between the 


amount of precipitate in tubes heated for an equivalent period of 30 minute; 


outside the pressure chamber and inside the chamber under a pressure of 
oniy 100 pounds per sq. in. At the end of the designated period of heating, _ 
the pressure chamber was placed in a water bath at room temperature, 
which very quickly cooled the specimens to a temperature which gave | 
rise to no appreciable further denaturation. The tubes that were not. 


subjected to pressure cooled sufficiently rapidly in air on removal from 
the 65° water bath. 
After being heated, the solutions were centrifuged for 20 minutes at | 


25,000 times gravity, while the rotor was maintained at a low temperature. 
by dry ice placed on the top of the centrifuge. The precipitates were 


discarded and the supernatants analyzed for the nitrogen in solution by 
micro-Kjeldah! determinations. In most cases the supernatant showed a 
distinct opalescence. This was much Jess noticeable in the specimens 


containing alcohol. The error caused by the presence of small amounts | 
of denatured protein remaining Im suspension was very small, however, — 
except when the total amount of denaturation was slight, as with short 
periods of heating such as 5 to 10 minutes, or with longer periods of heating — 


under high pressures. 


Influence of Initial Protein Concentration and Products of Denaturation | 


on Time Course of Reaction 


With solutions containing between 2.0 and 0.2 per cent protein at the 
start, the percentage of the original quantity of protein remaining i 


solution after 30 minutes at 65° did not vary significantly with the initial — 


concentration. The amount of protein precipitated in this time was 
usually about 50 per cent of that initially present, with some variation, 
for reasons not entirely clear, in repeated experiments with different solu- 


tions made up from the same lot of the dry globulin. Fig. 1 represents the _ 
course of protein denaturation in three solutions prepared as follows: — 
Solution A, from which the other two were prepared, contained 1.85 per — 


cent protein. A portion of Solution A was diluted to a concentration of 
0.7 per cent protein, giving Solution B. Solution C was obtained by 
heating a portion of Solution A for 30 minutes at 65°, centrifuging, dis 
carding the precipitate, and saving the supernatant. The three solutions 
were stored for 1 week at 3-6°, and then treated at 65° simultaneously. 
Fig. 1 shows that both the undiluted (Solution A) and diluted (Solution B) 
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solutions follow the same curve for the percentage of the initial quantity 
of protein precipitated with time. ‘The partially denatured Solution C, 
from which the precipitate had been removed, indicates very much the 
same curve, when the period of preheating and amount of precipitate that 
was removed earlier are taken into account. The same data for this 
solution, computed on the basis of the amount of protein in solution at the 
start of the second heating as 100 per cent, give the uppermost curve, which 


PERCENTAGE OF INITIAL QUANTITY OF 
PROTEIN REMAINING IN SOLUTION 


50 100 150 200 250 300 350 400 
LENGTH OF TIME HEATED AT 658°C, (MINUTES) 


Fic. 1. Denaturation of human serum globulin at 65°. Solid circles, Solution A 
(see the text) containing globulinin aconcentration of 1.85 per cent, before treatment ; 
open circles, Solution B, obtained by dHuting Solution A to an initial concentrstion 
uf 0.7 per cent proteinin solution. The triangles refer to Solution C, the supernatant 
of a portion of Solution A that had been partially denatured by being heated for 30 
minutes at 65°. It was then centrifuged, the precipitate was discarded, and the 
supernatant was stored for 1 week at 3-5°. The solid triangles show the course of 
precipitation in Solution C with the protein in solution at the start of the second 
heating taken as 100 per cent. The open triangles illustrate the same data, but take 
into account the time of denaturation and amount of protein precipitated in the first 
heating, with the original concentration of 1.85 per cent proteinas 100 percent. The 
scale of the ordinate is logarithmic. 


shows a slight lag and the lack of a relatively rapid denaturation during the 
first 30 minutes. In other experiments, in which the solutions were first 
heated for 30 minutes at 65°, then maintained at room temperature for 
periods of 12 minutes to 4 hours without removal of the precipitate and 
again heated at 65°, the same curve as that observed for continuously heated 
solutions was obtained. 

The foregoing results indicate that the specific rate of denaturation is 
first order with respect to the initial amount of protein, and is essentially 
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independent of the products of the reaction. The shape of the curve, 
however, shows that the reaction is not unimolecular, but is more complex, 
as is evidenced by the decreasing rate with time. In these respects the 
over-all reaction resembles that for the denaturation of diphtheria antitoxin 
by urea (7) at room temperature, and for the denaturation of anti-Staphy- 
lococcus hemolysin at 65° under both normal and increased pressure (6), 
The general shape of the curve is also similar to that for the denaturation 
of tetanus antitoxin at 65° (8). 
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20 40 60 80 100 (20 
LENGTH OF TIME HEATED AT 65°C. {MINUTES} 

Fig. 2. Influence of alcohol on the rate of precipitation at 65° of globulin solutions 
having a concentration of 0.69 per cent protein before treatment at 65°. These con- 
centrations of alcohol caused no visible precipitation over long periods of time at room 
temperature. Logarithmic scale on the ordinate. 


Influence of Aicohol—Small concentrations of ethyl] aleohol increase 
the rate of precipitation, as is illustrated by the data in Fig. 2 from an 
experiment with a single stock solution of globulin. The concentration 
of alcohol required to bring about a precipitation of the protein at room 
temperature is of the order of 10 times the concentrations that markedly 
increase denaturation at 65°. The shape of the curve for each concen- 
tration is the same, however, if the time scale is changed, as is shown by 
the straight lines which result when the logarithm of the proportion of 
the protein originally in solution is plotted against the logarithm of the 
time of denaturation. These lines have practically the same slope but 
differ in position on the abscissa (Fig. 3). Thus, in accord with the ob- 
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servations of Lepeschkin (9) on the similarity of the heat and alcohol 
denaturation of egg albumin, as well as the recently studied effects of 
alcohol on the luminescent system (4), the action of alcohol appears to be 
essentially that of accelerating the denaturation reaction. Preliminary 
analyses, based on the relation between the logarithm of the concentration 
of aleohol and the logarithm of the amount of acceleration, indicate that 
an average of approximately 1.5 more molecules of alcohol are combined 
with the activated protein molecule undergoing denaturation than with the 
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99 fF 0.3 M. ALCOHOL 
MLALC. {0-3 M, ALCOHOL, 

BOF Lbs.per sginw 


SOF No ALC. 
14.7 Lbs.}27 


Oo 
T 


Q2 M. ALC. 
14.7 Lbs. 


Q3M.ALC.) 
i4.7 Lbs. 


PROTEIN REMAINING IN SOLUTION 


PERCENTAGE OF INITIAL QUANTITY OF 


20 40 60 90 120 
LENGTH OF TIME HEATED AT 65°C. (MINUTES) 

Fic. 3. The data of Figs. 4 to 7, plotted on logarithmic scales as the percentage of 
the quantity of protein in solution before being heated, against the time of heating 
at 65°, with and without alcohol, under normal and increased hydrostatic pressure, 
respectively. Only representative curves are shown to avoid crowding. The scale 
is logarithmic on both the ordinate and abscissa. 


normal molecule. A definite value for this ratio must await clarification 
of the reason for the apparent change in rate of precipitation during the 
course of the reaction. 

Action of Hydrostatic Pressure—Hydrostatic pressure retards the rate 
of precipitation both in the presence and in the absence of alcohol. The 
results of a series of experiments with pressures up to 7500 pounds per sq. 
in. are shown in Figs. 4 to 6, in which the curve for normal pressure in each 
case represents the average of five repeated determinations. Fig. 7 shows 
the results of a single experiment with reference to the effects of 10,000 
pounds pressure in comparison with atmospheric, and with alcohol con- 
centrations of 0, 0.2, and 0.3 mM, respectively. In all cases, the effect of 
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alcohol is to increase, while that of pressure is to decrease the rate of 
precipitation. High pressures cause a conspicuous lag in precipitation, — 
which hardly represents a complete initial prevention of denaturation, but 
rather a very pronounced slowing of a reaction, whereby the concentratioy . 
of denatured molecules in solution builds up enough to form a precipitate, 
The source of error referred to earlier no doubt tends to exaggerate this 

effect; t.e., with very small amounts of precipitate, it is difficult to clarify | 
the solution in the centrifuge. Moreover, a slight evaporation of the solu. 
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: Fic. 4. The influence of hydrostatic pressure on the rate of precipitation without 
added alcohol. The curve at normal pressure is the average of five repeated experi- 
ments. The data for each of the curves are from a separate pressure experiment. 
Initial concentration of globulin inthe different experiments, from 0.74 to 0.85 per 
cent. Logarithmic scale on the ordinate. 


Bo 8 Fic. 5. The effects of hydrostatic pressure on the rate of precipitation at 65° of 
globulin solutions containing 0.2 m ethyl alcohol. The curve for normal pressure 
i represents the average of five repeated experiments, the others a single experiment. 


Logarithmic scale on the ordinate. 


tion during the centrifugation would contribute in the same direction to 
this error. At lower pressures, the rapidity of denaturation makes it diff- 
cult to obtain accurate observations during the first few minutes, but when | 
data including the amount of denaturation at the end of the first 10 minutes 
are plotted with somewhat broader spaces per time unit on the abscissa 
(e.g., Fig. 2), it is apparent that there is a period of slow precipitation at 
the start, followed by more rapid precipitation, and a subsequent slowing 
(cf. also Fig. 3). 

The changing rates of precipitation with time of heating may be ac- 
counted for either by a heterogeneity of the protein molecules, the net 
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result representing the summation of reactions with different specific 
e- rate constants, or as the result of a complex of reactions with homogeneous 
et molecules, or both. The effects of high pressure in greatly prolonging the 
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initial time required for the formation of an appreciable amount of pre- 
cipitate suggest that the first step involves a denaturation reaction with 
a very large volume change of activation (10). The following experiment 
provides evidence that a subsequent reaction, possibly an equilibrium, 
which is characterized by a small volume increase of the final over the 
initial states, is involved in the precipitation of the denatured protein. 

Tubes containing an initial concentration of 0.686 per cent globulin with 
0, 0.2, and 0.3 m alcohol, respectively, were treated in triplicate at 65° 
for 40 minutes. One set was cooled to room temperature, a second set to 
4°, in both cases under atmospheric pressure, and the third set to 4° under 
10,000 pounds pressure. After 21 hours, the tubes at room temperature 
were analyzed in the usual manner. The specimens which had been kept 
at 4° were centrifuged in a rotor precooled approximately to this tempera- 
ture, and maintained at a low temperature throughout the centrifugation. 
The results are summarized in Table 1, which indicates first that, as might 
be expected, there is an increase in floeculated protein at low temperatures, 
and second, that a high pressure opposes this increase. Moreover, the 
amount of precipitate that has already formed at room temperature may 
be decreased by subjecting the specimens to high pressure over a long 
period of time, as is shown by the data in Table II, which are taken from 
an experiment with a similar series of triplicate tubes. Denaturation was 
first carried out at atmospheric pressure for 20 minutes at 65° and all 
tubes were cooled to room temperature. ‘The first set was centrifuged and 
analyzed very shortly thereafter. The other two sets were maintained 
for 64 hours at room temperature, one set under normal pressure, the 
other under 10,000 pounds. From Table II, it is apparent that, within 
the limits of experimental error, the amount of precipitate did not increase 
on long standing at room temperature. On the other hand, a significant 
decrease in the amount of precipitate occurred as a result of high pressure. 
It is possible, of course, that this effect takes place to some extent through 
a reversal of the denaturation reaction, but it would seem more likely that 
it represents an action of pressure on the flocculation of the denatured 
molecules, in an equilibrium with a negative heat and positive volume 
change of reaction. 

The data in Tables I and II indicate that the pressure effect on the 
amount of precipitated protein is considerably less marked in the presence 
of alcohol, in some cases scarcely exceeding the range of experimental error. 

With regard to the total reaction, the complexity of the kinetics makes 
it difficult to arrive at a satisfactory analysis until definitive data are avail- 
able with respect to the possible significance of heterogeneity of the mole- 
cules and the specific reactions that are responsible for the results measured. 
Heterogeneity is perhaps an important factor in the apparent change in 
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rate of denaturation during the course of the reaction, thus making it 
desirable to use as homogeneous a preparation as possible in further studies. 
Apart from the initial lag, which was conspicuous at high pressures although 
hardly appreciable at normal pressure, straight lines with a slope of ap- 
proximately 0.5 result when the logarithm of the percentage of the amount 
of protein in solution at the start is plotted against the logarithm of the 
time heated at 65°, with as well as without alcohol, under pressures up to 


TABLE I 


Influence of Temperature and Pressure on Amount of Precipitate Formed after Heating 
0.686 Per Cent Globulin Solution for 40 Minutes at 65° and Atmospheric Pressure 


Ppt. after standing Ppt. after 21 hrs. Per cent 
21 hrs. at room Ppt. —_—- hrs. at 4° under 10,000 lbs., Per cent | decrease in 
Concen- temperature pressure increase in | t. at 4° 
ae" of pt. at 4° | under 10,000 
alcohol Per cc. | Percent Per cc. Per cent Per cc. Per cent ( — “) 100 7 phy ee 
protein in pptd. protein in pptd. protein in pptd. A (>) 100 
solution A) solution PB) solution (C) 
M mz. mg. meg. | 
0.0 3.58 47.8 2.96 57.0 3.30 51.9 19.3 8.9 
0.2 | 2.42 | 64.8 | 2.09 | 69.6 | 2.27 | 67.0 7.41 3 
0.3 2.04 70.3 1.70 75.2 1.94 71.7 7.0 4.7 
TaBLeE Ii 


Influence of 10,000 Pounds Pressure for 64 Hours at Room Temperature on Amount of 
Precipitate from 0.785 Per Cent Globulin Solution Treated 20 Minutes at 65° and 
Atmospheric Pressure 


| After 64 hrs. 
P+ cent 
Concentra- Per cc. Per cent Atmospheric pressure {Under 10,000 lbs. pressure | om 
tion of protein in pptd. , | “pressure 
alcohol solution A) Per cc. Per cent Per cc. Per cent B - os 100 
protein in pptd. protein in | ppc. 
solution (B) solution | 
M meg. még. mg. | 
0.0 4.40 40.1 | 41.5 | | 
0.2 3.12 57.5 3.10 | 57.8 3.55 | 10.5 
64.9 | 2.53 | 65.6 2.87 | 61.0 | 7.0 


9000 pounds per sq. in. Apparently the same relation holds for experi- 
ments with pressures of 10,000 pounds per sq. in., although fewer points 
are available along the curve, since the amount of denaturation was much 
less. The curves for the over-all reaction are thus largely the same except 
for the time scale, and the effect of pressure, as judged by these data 
obtained with the usual procedure, appears to be independent of the 
alcohol concentration. Furthermore, the magnitude of the pressure effect 
indicates a large volume increase of activation in the denaturation process, 
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of the order of 100 cc. per mole of protein, which is of the same order as the 
value calculated for the luminescent system either in the presence or absence 
of alcohol (4). 


The authors take pleasure in acknowledging the interest as well as 
lengthy discussions and assistance of Professor Linus Pauling in connection 
with this study. 


SUMMARY 


At 65° and pH 6.0, the denaturation of highly purified human serum 
globulin at atmospheric pressure takes place at a complex rate which 
decreases progressively after about 40 per cent of the protein initially in 
solution has precipitated in the first 20 minutes. To some extent, the 
change in rate may be due to heterogeneity of the molecules. The specific 
rate, however, is very nearly the same with initial protein concentrations 
between 2.0 and 0.2 per cent. 

The rate of denaturation is slowed by hydrostatic pressures up to 5000 
pounds per sq. in., but the shape of the curve is the same, except for the 
difference in the time scale. A pressure of 10,000 pounds per sq. in. 
greatly retards the rate of precipitation and causes a marked initial lag of 
nearly an hour during which only slight precipitation occurs. The mag- 
nitude of the pressure effect indicates a volume increase of activation for 
the denaturation reaction of the order of 100 cc. per mole of protein in the 
process of activation of the reacting molecules. 

The rate of denaturation at 65° is increased by ethyl alcohol, in relation 
to its concentration, from 0.05 to 0.60 m, but the shape of the curve remains 
essentially the same. Pressure retards the denaturation in the presence 
of aleohol, apparently independently of concentration up to 0.3 M. 
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THE QUININE-OXIDIZING ENZYME AND LIVER ALDEHYDE 
OXIDASE* 


By W. EUGENE 


(From the Research Service, Third (New York University) Medical Division, 
Goldwater Memorial Hospital, New York) 


(Received for publication, February 18, 1946) 


A derivative of quinine formed in minced rabbit liver has been isolated by 
Kelsey et al. (1), and identified by Mead and Koepfli (2) as a carbostyril. 
Hence quinine is oxidized in liver with replacement of the hydrogen atom in 
position 2 of the quinoline ring by a hydroxy group. Analogous oxidation 
products are excreted by men receiving the four principal cinchona 
alkaloids. This change is important in the chemotherapy of malaria, 


because the oxidation of these compounds markedly reduces their anti- 
malarial activity (3). The activity of some quinoline compounds can be 


greatly enhanced if this oxidation is prevented by appropriate subet:tution 
(4). The nature of the metabolic system able to perform this oxidation i# 
consequently of considerable pharmacological interest, and it was hoped 
that its biochemical function as well could be approached by studying the 
reaction with a series of quinoline derivatives. By the use of such com- 
pounds as substrates, the enzyme responsible for their oxidation has been 
prepared in about 5 per cent purity. It specifically acts on unsaturated 
heterocyclic compounds with an active a-hydrogen and is intimately as- 
sociated with the flavoprotein, liver aldehyde oxidase. 


Methods 


Reagenis—The synthetic antimalarials used were supplied by various 
laboratories cooperating with the malaria program of the Office of Scientihe 
Research and Development. These number’’ compounds are deseribed 
fully elsewhere (4), but were generally of a high degree of purity. Iso 
quinoline, quinaldine, quinoline, and crotonaldehyde were redistilled tn 
vacuo, and the bases recrystallized as the acid salts before use. Coenzyme | 
(5) and diaphorase (6) were prepared by the standard methods. (Other 
compounds were used as obtained commercially. Propamidine wa~ kindly 
furnished by Dr. D. F. Robertson of Merck and Company, Ine., and the 
pure quinine carbostyril by Dr. F. E. Kelsey. 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Devel. 
opment and New York University. 

+ Present address, Department of Medicine, College of Physicians and Surge ms, 
Columbia University, New York. 
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Chemical Assays—lor determination of the cinchona alkaloids the 
enzyme reaction was stopped with metaphosphoric acid, so as to eliminate 
blank fluorescence’and adsorption of the drug on the precipitated proteins 
(7). Quinine carbostyril was determined in the resulting supernatant by 
its fluorescence at pH 10 in borate buffer, and compared with a standard in 
an identical blank preparation. The quinine fluorescence is completely 
quenched at this pH. Quinine was determined by its fluorescence in ethyl- 
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IZREDUCTION TIME xX 10% 


ML. OF ENZYME 


Fic. 1. Rate of cinchonidine oxidation as a function of enzyme concentration. 
Each Thunberg tube contained 0.3 ml. of 4 X 107 m cinchonidine, 0.1 ml. of 0.1 per 
cent methylene blue, and 0.1 m phosphate buffer, pH 7.6. Total volume 2.5 ml., 37°. 


ene dichloride and trichloroacetic acid after removal of quinine carbostyril 
with NaOH by an unpublished method of Brodie. Cinchonidine was 
determined by the methyl orange method of Brodie and Udenfriend (8). 
The measurements of oxygen uptake were made in a Warburg manometer 
with the usual technique. The enzyme showed no blank oxygen uptake or 
CO, evolution. A Beckman spectrophotometer was used in the absorption 
determinations. 

Assay of Enzyme—The activity of the enzyme is determined by the rate of 
methylene blue reduction with cinchonidine as substrate. A unit of enzyme 
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activity was arbitrarily chosen as that amount of enzyme in a total volume 
of 2.5 ml. which would reduce 0.1 ml. of 0.1 per cent methylene blue in 60 
seconds. ‘The reaction is carried out in phosphate buffer at pH 7.6 with a 
cinchonidine concentration above 2 KX 10-*m. The substrate is placed im 
the hollow stopper, the tube evacuated for 5 minutes, and the solutions 
mixed after 2 minutes incubation at 37°. Amounts of enzyme are chosen 
that will cause reduction in 20 to 60 seconds. During longer reaction 
periods the enzyme is progressively inactivated. ‘The relation of enzyme 
concentration to the velocity of the reaction by this assay is shown im 
Fig. 1. 

The destruction of the enzyme during activity occurs less rapidly im 
crude preparations. ‘Thus liver brei will oxidize quinine aerobically at « 
linear rate for about 10 minutes, and more slowly for about an howr. The 
formation of quinine carbostyril in 10 minutes can therefore be used as an 
index of the activity of such preparations, provided an excess of quinine 
and oxygen is supplied. The two assays are not exactly comparable, how 
ever, since the enzyme reacts more slowly with oxygen than with methylene 
blue. 


Preparation of Enzyme 

Rabbit liver is the only satisfactory source of the enzyme yet found. 
No appreciable disappearance of added quinine was observed with breis of 
dog, pig, steer, sheep, or duck livers. Sheep liver brei can inactivate the 
enzyme of rabbit liver; possibly the enzyme in these other tissues is de 
stroyed in the same way after mincing. This could not be avoided by the 
usual precautions of rapid manipulation at low temperatures. 

The enzyme of rabbit liver was found to be soluble in water, to withetand 
heating to 60° for 5 minutes, and to be precipitated between 25 and 40 per 
cent saturation with ammonium sulfate. Successive application of these 
conditions yields about 5 ml. of a vellow-red solution from each 100 gm. of 
liver. This contains 20 units of the cinchonidine-oxidizing enzyme per ml. 
with about 4 mg. of protein per unit, compared to 26 mg. of protein per 
unit for the original brei. The enzyme is stable for over a month only uf 
kept alkaline in solutions of ammoniacal ammonium sulfate (6 ml. of 
concentrated NH; per 100 ml. of saturated ammonium sulfate). 

These purification steps were recognized as essentially similar to thoee 
used in preparing the flavoprotein, liver aldehyde oxidase, from pig liwer (9). 
Other similarities were noted. Both enzymes are stable only in ammontacal 
ammonium sulfate, both are rapidly destroyed during the catalytic process, 
and both are irreversibly inactivated by cyanide or by dialysie. And the 
preparation from rabbit liver does also have a strong aldehyde oxidase 
activity. Aldehyde oxidase prepared from rabbit liver, according to the 
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original method used by Gordon et al., likewise oxidizes both aldehydes and 
quinolines, and is entirely similar in purity, properties, and activities to the 
first preparations of the quinoline-oxidizing enzyme. However, when 


aldehyde oxidase is prepared from pig liver by either method, no activity . 


toward quinolines can be demonstrated. 

The method of Gordon, Green, and Subrahmanyan has since been used 
for all preparations. This involves treatment of rabbit liver brei at 48° 
for 5 minutes in 25 per cent alcohol, lead acetate precipitation, and repeated 
fractionation with ammoniacal ammonium sulfate between 25 and 40 per 
cent saturation. A variety of other procedures were tried, which succeeded 
neither in furthering the purification nor in separating the two actions. 
These procedures included adsorption, dialysis, pH changes, freezing, dry- 
ing, and precipitation with alcohol. 


Characteristics of Enzyme 


Since the agents responsible for quinoline and aldehyde oxidations could 
not be separated, both reactions have been studied for comparison. This 
enzyme oxidizes aldehydes to the corresponding acid with formation of 
equivalent amounts of hydrogen peroxide. 

Reaction with Quinolines—The equation for the oxidation of quinine is 


Quinine + H.O + O, = quinine carbostyril + H20: 


This was established by measurements of the reaction with both quinine and 
cinchonidine, compounds which differ only by the presence of a methoxy 
group in the former. Quinine, because of the ease with which its oxidation 
product can be determined, was used to show the equivalence of alkaloid 
oxidized to the carbostyril formed. Cinchonidine, being more soluble and 
more rapidly oxidized, was used in the measurements of oxygen uptake. 
The results are shown in Table I. It will be noted that the molar ratio of 
oxygen absorbed to cinchonidine removed is 0.6, instead of 1.0 as expected 
if HO, is a product. This is due to liberation of oxygen from some of the 
H,O., a reaction referable to the catalase present as an impurity in the 
enzyme preparation. Keilin and Hartree’s observation (10) that hydrogen 
peroxide can oxidize alcohol in the presence of catalase makes it possible to 
prove that H:O. is formed during the oxidation simply by adding ethyl 
alcohol. This is shown in the last two experiments of Table I. The oxygen 


released by the fission of HO: was removed in this way and the molar ratio. 


of oxygen taken up to cinchonidine oxidized is seen to approximate 1.0. 
No oxygen uptake occurs with the enzyme and alcohol alone. 

That oxidation occurs only in the 2 position of the quinoline ring was 
further confirmed by identifying the product of the oxidation of quinoline 
itself. After overnight aeration with 30 ml. of enzyme, 200 mg. of quinoline 
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were shown by spectrophotometric analysis to be quantitatively converted 
to a compound giving the absorption curve of carbostyril. Quinoline 
treated similarly with heat-inactivated enzyme was unchanged. The carle- 
styril was isolated in asbestos-like crystals by ether extraction and preeip#- 
tation from 0.1 N NaOH with COs, and reerystallized from aleohel and 
water. It was sparingly soluble in water, gave no color with ferric chloride, 
formed a barium salt crystallizing in leaflets, and melted at 196-197 = The 
mixed melting point with carbostyri] (m.p. 196-197") was unchanged 
(temperatures uncorrected). 


TABLE I 


Balance of inenins or Cinchonidine Disappearance with Quinine Carbostyril Formation 
and Oxygen Uptake 


Warburg vessels containing 0.4 ml. of enzyme, total volume 3.0 ml.; air in gas 
space; 37°. Quinine experiments, incubated 1 hour with 1.0 ml. of enturated qui- 
nine, 0.1 mM phosphate buffer, pH 7.2. Cinchonidine experiments, incubated 20 
minutes with 1.5 ml. of 4 X 10-3 m cinchonidine, 0.1 m phosphate buffer, pH 7.5; 
the last two experiments also contained 0.1 ml. of ethy! alcohol. 


| Substrate Quinine | Quinine carbostyril | On 
Cinchonidine | 1.69 «60.66 
| 2.06 | 0.62 
| 2.65 | 1.78 (0.65 
alcohol... 1.99 | 1.97 0.99 


Substrate Concentration—The maximum rate of cinchonidine oxidation at 
pH 7.6 oceurs with concentrations of 2 K 10-4 or higher. By the use of 
one-fifth the usual concentration of methylene blue, a rate approximately 
half the maximum was observed with an initial cinchonidine concentration 
of 0.5 & 10-*M. Quinine at pH 7 shows a maximum rate with concentra- 
tions above 5.4 10-4 mM and a half maximum rate at about 1.7 * 10-*™ 
(Fig. 2). Cinchonine and quinidine react maximally only at the somewhat 
higher concentration of 8 

The optimum substrate concentration for crotonaldehyde oxidation at 
PH 8.3 is 0.060 m or higher. A half maximum rate occurs with 0.017 m 
crotonaldehyde (Fig. 3). 

Optimum pH—The rates of cinchonidine and quinine oxidations at 
different pH values in phosphate buffers are seen in Fig. 4. In borate 
buffers the rates of these oxidations are about 50 per cent less. 
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[/REDUCTION TIME x 1078 
w 
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3.0 4.5 6.0 7.5 22 SAT. 
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Fic. 2. Effect of quinine concentration on the rate of its oxidation. Each tube 
contained 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.06 m phosphate 
buffer, and various amounts of 1.5 X 10-*m quinine in buffer. Total volume 2.4 ml., 
37°. @ = saturated by the addition of crystalline quinine. 
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CROTCNALDEHYDE 

Fia. 3. Effect of erotonaldehyde concentration on the rate of its oxidation. Each 
tube contained 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.1 m borate 
buffer, pH &3, and various amountg of 0.5 M crotonaldehyde. Total volume 2.5 
ml., 37°. 

> The rate of aldehyde oxidation is optimum at pH 8.2 to 8.6, and is the 
same in borate or phosphate buffers. : 


Specificity—It is apparent from the data in Table II that many com- 
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pounds with an a-hydrogen in a quinoline, isoquinoline, or substituted 
pyridine ring can be oxidized. This oxidation is prevented by substitution 
of a phenyl or carboxyl group for the a-hydrogen. Quinaldine, which has 
an a-methyl group, is oxidized, but here too the methyl! hydrogen atoms are 
nearly as active as the quinoline a-hydrogen. The rate of oxidation is 
affected by substituents elsewhere in the structure that would be expected 
to alter the activity of the a-hydrogen. Thus a 6-methoxy group decreases 
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% OF MAXIMUM RATE 


5.5 6.0 6.5 7.0 7.5 8.0 8.5 


pH 


Fic. 4. Rates of quinine (4) and cinchonidine (QO) oxidations as a function of pH. 
In each tube 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.15 m phosphate 
buffer, and either 0.3 ml. of 4 X 10-* m cinchonidine or 1.0 ml. of saturated quinine 


hydrochloride. Total volume 2.5 ml., 37°. The final pH was determined with the 
glass electrode. : 


the rate of oxidation in the cinchona alkaloids and in the simpler quinolines. 
This also occurs with chloro and even more with dichloro substitution. The 
8-aminoquinoline, plasmochin, is not oxidized at all. Alkylation of the 
pyridine or quinoline nitrogen, which increases the activity of the a-hydro- 
gen, in both N'-methylnicotinamide and quinoline ethiodide also increases 
the rate of oxidation markedly. 

The slower oxidation of methoxy-, chloro-, and amino-substituted 
quinolines suggests that the enhanced antimalarial effect of quinolines 
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possessing such groups may be due in part to a decreased rate of enzymic 
inactivation in the body. The rate of this oxidation is apparently deter- 


II 
Specificity of Quinoline-Oxidizing Enzyme 
Thunberg experiments, in each tube 6 units or less of enzyme, 0.1 m phosphate 
buffer, pH 7.5, 0.1 ml. of 0.1 per cent methylene blue, and 2.4 X 107? m substrate; 
total volume 2.5 ml.; 37°. Values are in per cent of the cinchonidine rate under 
the same conditions. Reduction times longer than 1 hour are expressed as (+). 
Controls without substrate or without enzyme were not reduced in 48 hours. 


Substrate Relative rate 

SN2549, 4-a-(2-piperidyl)quinoline methanol...................... 143 
SN8539, SN2549 with 7-chloroquinoline.......................... 62 
SN2157, SN2549 ‘‘ 6-methoxyquinoline....................... 42 
SN10956, SN2549 ‘* 6-methoxy-2-methylquinoline.............. (+-) 
SN8534, SN2549 ‘‘ 6-chloroquinoline.......................... 41 
SN10278, SN2549 ‘‘ 6,8-dichloroquinoline...................... 25 
SN8538, SN2549 ‘* 2-phenylquinoline......................... 0 
SN7618, 6-chloro-4-(diethylaminomethylbutyl)aminoquinoline...... (+) 
4-Carboxyquinoline (cinchoninic acid)............................ | 0 
4-Hydroxyquinoline-2-carboxylic acid (kynurenic acid)............ 0 
4,8-Dihydroxyquinoline-2-carboxylic acid (xanthurenic acid)...... . 0 


mined by the a-hydrogen, while the antimalarial effect persists even in the 
absence of this group. 
The action of the enzyme on WT neatlisteicotioamide raised the pos- 
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sibility that it might also function on the pyridine nucleotide coenzymes 
somewhat as does diaphorase. Though no information is available about 
any enzyme similar to this one in the malaria parasite, such a mechanism 
might explain the action of quinine. However, the enzyme does not 
oxidize coenzyme I or dihydrocoenzyme I at a significant rate. Further- 
more, quinine and cinchonidine do not inhibit the action of diaphorase. 
Haas observed a similar lack of specific inhibition from quinine with di- 
hydrocoenzyme II oxidation by cytochrome reductase (11). 

The failure of the enzyme to oxidize other structurally suitable com- 
pounds can generally be correlated with the absence or inactivity of the 
a-hydrogen atom in a heterocyclic ring. Various other heterocyclic and 
aromatic compounds besides those listed were tested. Thus the acridine 
(atabrine), purine (adenine and hypoxanthine), imidazole (histamine), and 
benzene (/-tyrosine) ring systems are not oxidized. Indole itself, but not 
l(—)-tryptophane, and pyrrole, but not N-ethylpyrrole, are slowly oxidized. 
The enzyme does not oxidize pyridine, a-picoline, piperidine, pyridoxine, or 
arecoline. 

The same enzyme preparations acting on the above compounds also 
oxidize crotonaldehyde and benzaldehyde in the anaerobic system respec- 
tively at 166 and 90 per cent of the rate of cinchonidine oxidation. Acet- 
aldehyde is rapidly oxidized but its volatility precludes accurate meas- 
urement of its rate by this method. The ratio of quinoline and aldehyde 
oxidation rates did not change during the later stages of purification of the 
enzyme and was the same in all preparations. No other oxidative enzymic 
functions were found in the purified preparations. Occasionally a pre- 
paration showed traces of xanthine oxidase or /-amino acid oxidase activity, 
but this was removed by the ammonium sulfate fractionation. 

Inhibition—In Table III it will be seen that equal inhibitions of both 
aldehyde and quinoline oxidations are produced by cyanide, propamidine, 
and plasmochin. A saturated solution of eaprylic alcohol likewise inhibits 
both activities. The inhibition of cinchonidine oxidation by 8-hydroxy- 
quinoline, which is itself slowly oxidized, suggests that plasmochin too may 
inhibit by combining specifically with the enzyme. The failure of the 
slowly oxidized pyridine derivatives to inhibit cinchonidine oxidation 
probably reflects their lower affinity for the enzyme. 

Simultaneous Oxidation of Quinolines and Aldehydes—No summation of 
the rate of either oxygen uptake or of methylene blue reduction occurs 
when the enzyme acts simultaneously on both types of substrate. The 
rate is often slower than with either substrate alone. The interference is 
well shown by manometric experiments in which both oxygen uptake and 
cinchonidine disappearance were measured. Cinchonidine in a concentra- 
tion of 2 * 10~ m had an initial rate of oxygen uptake of 12.1 microliters 
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per 2 minutes, and during the 20 minute experiment 1.73 micromoles of 0, 
and 2.64 micromoles of cinchonidine reacted. Crotonaldehyde alone caused 
a similar rate of oxygen uptake. However, in the presence of 0.07 M croton- 
aldehyde as well as cinchonidine, the initial rate of oxygen uptake fell to 
3.5 microliters per 2 minutes, and only 0.72 micromole of O2 and 0.28 mi- 
cromole of cinchonidine reacted. Similar interference with the anaerobic 
oxidation of cinchonidine is produced by the presence of aldehyde. 


TABLE 
Inhibitors of Cinchonidine and Crotonaldehyde Oxidation 


Thunberg experiments, 0.3 ml. of enzyme, 0.1 mM phosphate buffer, pH 7.5,0.1ml. , 


of 0.1 per cent methylene blue; otal volume 2.5 ml.; substrate and methylene blue 
in hollow stopper, inhibitor with enzyme in tube; incubated 2 minutes at 37° before 
mixing. 


& fF FR OO 


Inhibitor Substrate | Inhibition 

M per ceni 
Cyanide | 1 X 10° Cinchonidine 4.8 X 1074 97 
Crotonaldehyde 8 <X 10° 97 
Propamidine 4 xX 10-4 Cinchonidine 4.8 X 1074 50 
4x 10 Crotonaldehyde 8 10°? 82 
Plasmochin 4X 10-4 Cinchonidine 4.8 X 10-4 45 

8 10 Crotonaldehyde 8 107? | 
8-Hy droxy quinoline 2.4 X Cinchonidine 4.8 87 
SN7618 8 1074 4.8 X 10-4 0 
Atabrine 2X 4.8 X 107 60 
Nicotinamide 2.4 X 4.8 10 0 
N!-Methylnicotin- 2.4 X 4.8 X 10-4 0 

amide 

Noval diamine 2.4 X 10°3 . 4.8 x 10-4 5 
SN8538 2.4 X 10° 4.8 X 10 0 


Reversal of Quinine Oxidation—The mutual interference of the two re- 
actions can be attributed partly to a dismutation as well as to competition 
for one enzyme. ‘Thus, in an anaerobic system containing aldehyde the 
enzyme will reduce some quinine carbostyril to quinine. With 1 ml. of 
enzyme, 99 y of quinine carbostyril, and 0.4 ml. of 0.5 m crotonaldehyde 
mixed anaerobically and incubated 20 minutes, amounts of 0.9 to 1.1 y of 
quinine are formed. This amount, though small, is readily determined 
by the fluorometric method. The quinine was further identified by its sol- 
ubility in ethylene dichloride at different pH values and by its characteris- 
tic pH-fluorescence curve. | 

Nature of Prosthetic Group—Like the aldehyde oxidase of pig liver, the 
enzyme of rabbit liver is also a flavoprotein. The flavin is easily demon- 
strated after splitting the purified preparation by heating at 70° and pH 
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38 for 5 minutes. The yellow supernatant shows the typical absorption 
eurve of a flavin nucleotide with maxima at 265, 373, and 451 mug. It was 
identified as flavin adenine dinucleotide by use of the split d-amino acid 
oxidase system (12). All the flavin present is in this form, since assays by 
this method or by the total absorption at 451 my agree within the experi- 
mental error. Calculated as riboflavin, the enzyme contains 1.1 y per unit 
of aldehyde oxidase activity, in the units used by Gordon and coworkers. 
In their purified aldehyde oxidase from pig liver, these earlier workers also 
found 1.1 y of riboflavin per unit. 

Quantitative reduction of this flavin in the intact enzyme by aldehyde 
could not be demonstrated, since the absorption at 451 muy referable to 
flavin is only 10 per cent of the total light absorption. However, addition 
of acetaldehyde to the enzyme in the absence of oxygen decreases the 
absorption at this wave-length approximately as expected from the specific 


reduction of the flavin group. In the same way, cinchonidine similarly 


decreases the absorption at 451 my. And since H2O:, is formed during the 
oxidation of cinchonidine, it is most likely that the same flavin also acts as 
the prosthetic group or as a hydrogen acceptor in this reaction. 

The enzyme contains 0.7 y of riboflavin per unit of cinchonidine activity. 
Assuming one flavin group per molecule, the turnover number is 150 for 
the enzyme acting on cinchonidine in the anaerobic system. If a mole- 
cular weight of 70,000 is assumed for this enzyme in common with other 
flavoproteins, a preparation which contained 0.05 per cent riboflavin and 
1.3 mg. of protein per unit is calculated to be about 5 to 10 per cent pure. 


DISCUSSION 


The aldehyde oxidase of rabbit liver is identified with that of pig liver 
by their similar characteristics and equal amounts of riboflavin per unit. 
Consequently the association of the aldehyde oxidase with the quinoline- 
oxidizing enzyme in rabbit liver and its absence in pig liver are difficult to 
explain. Yet the similarity of the two enzymes in rabbit liver is striking. 
They possess similar characteristics in regard to solubility, heat resistance, 
adsorption, stability in ammoniacal ammonium sulfate, and lability on 
dialysis and acidification. They also show approximately the same degree 
of activity, the same inhibitions, and undergo a similar destruction during 
activity. There is a difference in pH optima, which is perhaps explicable in 
terms of the decreased solubility of the quinoline compounds at alkaline 
pH, and a difference in the effect of borate buffers as yet unexplained. 
These similarities and the mutual interference of the two substrates suggest 
that the two reactions must share at least one element in the oxidation 
pathway. The evidence seems to indicate that one element both reactions 
share is the flavin group. 
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The quinoline oxidation cannot be simply a unique extension of the alde- 
hyde oxidase specificity. The oxidation of quinoline may well be a dehydro- 
genation of the dihydro-a-hydroxy derivative formed by the addition of 
water to the nitrogen and migration of the hydroxy group to the a position 
(13). Aldehyde oxidation is also thought to be a dehydrogenation reaction. 
However, if the same active groups that oxidize aldehydes also oxidized 
quinolines, the very active aldehyde oxidase of pig liver should oxidize 
quinolines. This inactivity of the enzyme from pig liver can best be ex- 
plained by the destruction of the separate active groups for quinoline upon 
mincing the tissue. The association of the two actions, at least in rabbit 
liver, may therefore result from a common protein moiety. This would be 
very similar to the association of both aldehyde and purine oxidations with 
xanthine oxidase. 

The reversal of quinine oxidation by coupling it with aldehyde oxidation 
also suggests that this is an enzyme with two different sets of active groups 
and a single head, the flavin prosthetic group. A similar view of the other 
dual function enzyme, xanthine oxidase, is held, since Booth (14) has 
demonstrated that the anaerobic oxidation of salicylaldehyde by xanthine 
oxidase will reduce uric acid to hypoxanthine. 

As yet a readily acceptable substrate for the quinoline-oxidizing function 
in metabolism is lacking. In view of the demonstrated specificity of the 
enzyme for the a position, its failure to oxidize kynurenic and xanthurenic 
acids was to be expected, although these are the only known quinoline com- 
pounds occurring physiologically. If a reaction similar to the oxidation of 
quinolines occurs physiologically, the substrate must presumably possess 
an oxidizable a-hydrogen in a heterocyclic ring. N'-Methylnicotinamide, 
which reacts at least 70 times as rapidly as nicotinamide itself, may well 
undergo this oxidation in the body. The product of this oxidation, which 
would be expected to be the a-pyvridone derivative, does not fluoresce under 
the conditions used to determine the parent compound (15). This oxida- 
tion may therefore account for the disappearance of N?-methylnicotinamide 
administered to men that was observed by Perlzweig and Huff (16). 


SUMMARY 


1. The enzyme of rabbit liver oxidizing quinine and other quinolines to 
their carbostyrils has been prepared in about 5 per cent purity. The 
solution contains 0.7 y of riboflavin per unit of activity. The flavin 
is reduced anaerobically by cinchonidine. Aerobically H2O; is formed in 
the reaction. 

2. The enzyme has a pH optimum between 7.4 and 7.6, and reacts with 
cinchonidine concentrations above 2 & 10-4 mM at a maximum rate. It 
reacts directly with oxygen but more rapidly with methylene blue, and is 
rapidly destroyed during catalysis. 
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3. The oxidation of quinolines is limited to the @ position and the rate of 
oxidation is correlated with the activity of the a-hydrogen. Quinolines, 
jsoquinoline, and some pyridine derivatives are oxidized. 

4. The phvsiological compound most rapidly oxidized is N'-methyl- 
nicotinamide. 

5. The enzyme has properties similar to, and is associated with the 
flavoprotein, liver aldehyde oxidase. All the flavoprotein present is ac- 
counted for by the aldehyde oxidase. The simultaneous oxidation of 
aldehyde and quinoline is slower than their separate rates. The anaerobic 


- oxidation of aldehyde will reduce the quinine carbostynil to quinine. 


6. The enzyme is considered to be a flavoprotein with two functions like 


- those of xanthine oxidase. 


The flavin adenine dinucleotide assays were kindly made by Dr. P. K. 
Stumpf. Dr. G. L. Hobby of Chas. Pfizer and Company, Inc., and Dr. 
Herbert Stoerk were most helpful in providing rabbit livers. 
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A MODIFIED PROCEDURE FOR THE PREPARATION OF 
PROTOPORPHYRIN IX DIMETHYL ESTER FROM 
HEMOGLOBIN* 


By EDITH JU-HWA CHUt 
(From the Department of Medicine, University of Minnesota Hospital, Minneapolis) 


(Received for publication, February 21, 1946) 


Protoporphyrin IX dimethyl ester, a crystalline compound with a 
definite melting point, is generally used to identify protoporphyrin IX. 
Various methods of preparation (1—4) have been described in the literature. 
As indicated by Grinstein and Watson (5, 6), application of chromatogra- 
phic separation is necessary in order to obtain a pure product. By following 
the procedures thus far described in the literature the same conclusion 
has been reached. However, by modifying the procedure as heretofore 
described, we have been able to obtain the product in a pure state without 
the necessity of applying chromatographic separation. 

A solution of crude protoporphyrin [IX was prepared from defibrinated 
blood by Hamsik’s procedure (7) with some modifications. Either citric 
acid or salicylic acid can be used in the place of oxalic acid. The solution 
of crude protoporphyrin was then successively extracted with ether and 
10 per cent hydrochloric acid and converted into the dimethy] ester, as des- 
cribed below. For crystallization of the ester it has been found that a 
mixture of acetone and ether is more satisfactory than chloroform and 
methanol. 

This procedure has been successfully employed to prepare crystalline 
protoporphyrin [X dimethyl] ester from a sample of red blood cells as small 
as0.15 ml. In the case of small samples, the amounts of materials used are 
proportionally reduced and the time of reaction shortened. 


EXPERIMENTAL 


A sample of 5 ml. of red blood cells, after being separated from the 
plasma by centrifuging, was thoroughly stirred with 50 ml. of acetone. The 
precipitate was collected on a sintered glass filter and then refluxed for 
15 to 20 minutes with 100 ml. of acetone solution containing 10 gm. of 
oxalic acid. The reaction mixture was cooled and mixed successively with 
9 gm. of stannous chloride and then 20 ml. of concentrated hydrochloric 
acid. It was allowed to stand at room temperature for 1 to 1} hours. 
A saturated solution of sodium acetate was then added until the purplish 


* Aided by a grant from the John and Mary R. Markle Foundation, New York. 
t On leave from the University of Peking, China. 
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red solution turned to a brownish red. With addition of 5 ml. of glacia) 
acetic acid and filtration (or centrifugation) the supernatant solution o 


filtrate was extracted three times with 20 ml. of ether. In case there was _ 


no separation of two layers at this point, more ether was added. The 
ether solution was extracted with 10 ml. of 10 per cent hydrochloric acid. 
three to four times. The 10 per cent hydrochloric acid extract (also con. 
taining some acetone and ether) was mixed with a saturated solution of 
sodium acetate until a brownish red color resulted. The ether layer was 
separated off and washed with a little water. The extract was again ex. 
tracted with 5 ml. of 10 per cent hydrochloric acid three times. The com. 
bined 10 per cent hydrochloric acid extract was mixed ~ ith an equal 
volume of methanol previously saturated with hydrogen chloride, and 
allowed to stand at room temperature for 2 to 3 hours. Then a saturated. 
solution of sodium acetate was added until the solution became brownish 
red. It was extracted with chloroform twice. The chloroform extract was 
washed with 10 per cent ammonium hydroxide, 7 per cent sodium chloride, 
and a little distilled water. The filtered chloroform solution was distilled 
on a steam bath to remove the solvent. The residue was stirred with 
mixture of acetone and ether (1:2) and centrifuged. The dark red prisms 
thus obtained melted at 223°; yield 5 to 7 mg. of protoporphyrin IX 
dimethy] ester per ml. of red blood cells. ; 
Thus far it has been found that 10 per cent hydrochloric acid solution 
is the best medium for esterification. Either 5 or 25 per cent hydrochloric 
acid solution gave unsatisfactory results. | 


SUMMARY 


A modified method of preparing pure protoporphyrin IX dimethyl este 
from hemoglobin, without application of chromatographic separation, has 
been described. It has been applied successfully to micro as well 4 
macro samples of red blood cells. 

For crystallization of the ester a mixture of acetone and ether (1:2) 
is more satisfactory than chloroform and methanol. | | | 


The author wishes to thank Dr. C. J. Watson for reading the manuscript. 
and some suggestions. 
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THt EFFECT OF HYPOPHYSECTOMY AND ADRENO- 
CORTICOTROPIC HORMONE ON THE ALKALINE 
PHOSPHATASE OF RAT PLASMA* 


By CHOH HAO LI, C. KALMAN, HERBERT M. EVANS, ano 
MIRIAM E. SIMPSON 


(From the Institute of Experimental Biology, University of California, Berkeley) 


(Received for publication, February 25, 1946) 


Effect of Hypophysectomy 


It is well known that the phosphatase content of bone, kidney, liver, 
and blood may change under varying conditions of growth, diet, and 
disease (1). Among these tissues, blood perhaps furnishes the over-all 
changes of this enzyme activity. Weil (2) found a rise in plasma phos- 
phatase activity from birth to maturity during the growth of normal 
rats. Kinard and Chanutin (38) have reported that the phosphatase 
content of the whole rat increases from the time of birth. There is ample 
evidence that certain bone diseases cause a marked alteration in plasma 
phosphatase (4). Furthermore, phosphatase has been shown to play a 
part in bone regeneration (5). 

The effects of hypophysectomy on bone histology have been described 
recently by Becks, Simpson, and Evans (6). The immediate reaction is 
a thinning of the cartilage plate, and after longer postoperative intervals | 
the bony trabeculae become coarser and less numerous. Since the phos- 
phatase activity is intimately related to changes in bone, one may expect 
that changes may occur in plasma phosphatase after hypophysectomy. In 
a survey of the literature, there appears only one report (7) on serum 
phosphatase activity in hypophysectomized rats. 


EXPERIMENTAL 


Male rats used were of the Long-Evans strain. Hypophysectomy was 
performed at 40 days of age by the parapharyngeal approach. The 
completeness of the operation was ascertained at autopsy by examination 
of the sella turcica. The animals were maintained on the usual diet of 
this laboratory ad libitum. Blood was taken from the inferior vena cava 
after the animals were anesthetized by the intraperitoneal administration 
of sodium amytal. 4 per cent sodium citrate solution (0.5 cc. per sample) 
was used as the anticoagulative agent. The alkaline phosphatase in the 
plasma was determined immediately or within 24 hours. The plasma 


samples were always kept frozen at —15°. 


* Aided by grants from the Research Board of the University of California and 
from the Rockefeller Foundation, New York. 
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The alkaline phosphatase activity was estimated by a modification of 
the method of King and Armstrong as described by Binkley, Shank, and 


Hoagland (8); at least three determinations were carried out on each | 


plasma sample. The Cenco-Sheard-Sanford photelometer with orange 
filter was employed for recording the color intensity. 

The micro-Kjeldah] method was used for nitrogen determination. The 
phosphatase potency was expressed either in units! per 100 mg. of nitrogen 
or per 100 cc. of plasma. 


Plasma Phosphatase Content of Normal Male Rats—Results on the 
plasma alkaline phosphatase activity of male rats of different ages are 


summarized in Table I. It will be noted that the phosphatase activity 
increases from 21 to 40 days of age and remains practically constant up 


TABLE I 
Phosphatase Content in Plasma of Male Rats at Different Ages 


Phosphatase 
Ho. of Body weight N per ce. pl 
Age te y weig per cc. plasma 
days gm. mg. units uniis 
21 10 47.5 + 1.65* 7.00 + 0.28 4.17 + 0.45 29.2 
40 11 142.0 + 3.07 7.41 = 0.14 5.67 + 0.45 43.8 
40 10T 126.3 + 3.50 7.94 + 0.11 4.89 + 0.35 38.8 
55 10 211.5 + 6.64 8.438 + 0.11 4.90 + 0.40 41.3 
90 10 | 257.6 & 5.94 9.56 + 0.17 4.52 + 0.61 43.3 


* Mean + standard deviation. 
+ Fasting 48 hours. 


to 90 days of age when the enzyme activity is expressed on the basis 0 
100 cc. of plasma. When the phosphatase potency is expressed in units 
per 100 mg. of N, the activity seems to decline after 40 days of age? It 


has been recorded by Weil (2) that ‘‘the high plasma phosphatase activity 
of the rat 1 month old decreases gradually with the maturity of rat, but’ 
remains above the original low enzyme value.” The same conclusion 
was also arrived at by Gould (9). ) 

It is of interest to note that the nitrogen concentration in the plasma 
increases gradually from 7.0 mg. to 9.56 mg. per ec. as the rats grow from 


1A unit of alkaline phosphatase is that amount of activity which will liberate! 
mg. of phenol in 30 minutes in barbiturate buffer of pH 9.7. 

? From nine rats 7 days of age with an average body weight of 17.0 gm., we have 
obtained the plasma alkaline phosphatase activity of 4.75 units per 100 mg. of nitro 
gen. The nitrogen content of the plasma is 6.2 mg. per cc. These values were 8 
cured from one sample of pooled plasma. It appears that the enzyme activity of 
these young rats seems to be lower than that of the 40 day-old animals. 
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21 days to 90 days. The latter value agrees with that reported by Levin 


(10) who found that serum in adult male rats eating ad libitum contains 


6.04 per cent protein or 9.66 mg. of nitrogen per cc. 

The effect of fasting on the plasma phosphatase has been studied by 
Weil and Russell (11) and Gould (9). They found that normal rats show 
a decrease of enzyme activity after fasting for 24 hours. However, Gould’s 


experiments with fat-fed animals indicated that 1 day of fasting caused 
_ jittle change in the serum phosphatase level. 
- jsa definite lowering of plasma alkaline phosphatase after 48 hours of fasting, 


As shown in Table I, there 


but less marked than that observed by Weil and Gould. 
Plasma Phosphatase Content of Hypophysectomized Male Rats—From 


Table II, it is evident that hypophysectomy decreases the alkaline phos- 


TaBLeE II 
Phosphatase Content in Plasma of Hypophysectomized Male Rats at Different 
Postoperative Periods 
40 days old at operation. 


Body weight Phosphatase 

on vag N per cc. plasma Der 
tive Initial Final Per 100 mg.N | 100 ce. 
plasma 

days gm. gm. mg. units units 
0 ll 142.0 + 3.10* 7.71 + 0.14 | 5.67 + 0.45 | 43.8 
4 10 144.7 + 3.12 | 130.6 + 2.82 | 8.77 +0.16 | 4.2324 0.31 | 37.1 
8 10 154.5 + 4.45 | 183.3 + 3.88 | 8.96 + 0.24 | 3.452 0.3% | 30.9 
15 17 147.1241.98 | 124.6 + 2.02 | 8.67 + 0.16 | 3.46 + 0.223 | 30.0 


* Mean -+ standard deviation. 


phatase activity of male rat plasma. In the 4th day after the operation, 
the phosphatase level changes from 43.8 to 37.1 units per 100 cc. of plasma. 
The enzyme level continues to fall but becomes constant after 8 days 
after hypophysectomy. 

It is very well known that hypophysectomy causes atrophy of the adrenal, 


_ thyroid, and reproductive organs as well as the cessation of body growth. 


Therefore, the influence of hypophysectomy on the plasma phosphatase 
may be attributable to over-all changes in the function of the adrenal, 
thyroid, and reproductive organs as well as to the cessation of body growth. 
For instance, a lowering of serum phosphatase has been observed by Watson 
(12) after injection of adrenal cortical extract and an increase of the en- 
zyme upon the administration of testosterone propionate (13). Moreover, 


thyroxine is known to increase the phosphatase content of the bone (14). 
Since, as already mentioned, rapidly growing rats have a higher phosphatase 
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level in the serum, it may be expected that a loss of body weight may 
produce a lowering of the enzyme activity. The depression of alkaline 
phosphatase in male rat plasma after hypophysectomy may therefore be 
explained by the loss of growth, on lessening in function of thyroid or 
gonad, or the combination of these factors. On the other hand, from the 
lowering in adrenal! function due to the removal of the pituitary one would 
expect an elevation of the plasma phosphatase level]. It is clear from the 
data just presented that the influence of lessened adrenal function is 
completely overshadowed by the effect from the other deficiences which 
result from hypophysectomy. 

It is of interest to compare our results with those obtained by Jones and 
Shinowara (/). They found that hypophysectomy causes an elevation 
of serum phosphatase activity. Their observations were made with female 


TaBLeE III 
Phosphatase Content in Plasma of Normal and Hypophysecitomized Female Rats 
Type of onteea | No. of animals Body weight — 
| gm. units 
Normal* | 10 106.6 + 2.6 6.05 + 0.40 
Hypophysectomy | 18 74.1 41.5 3.01 + 0.38 
| 173 69.8 + 2.3 3.11 + 0.30 


* 41 to 42 days old. 
+ Operation at 26 to 28 days of age; 11 to 18 days postoperative. 
} Operation at 26 to 28 days of age; 20 to 24 days postoperative. 


rats. It was thought that the disagreements between our findings and 


theirs may be due to the sex difference of the animals employed. We | 


have therefore investigated the alkaline phosphatase content of hypophy- 
sectomized female rats as compared to their normal female controls. 
Table III summarizes the results obtained with normal and hypophy- 


sectomized female rats. The animals were operated upon when 26 to 2 — 


days of age; two groups of different postoperative periods were used: 


11 to 18 days and 20 to 24 davs. No evident difference was observed in 
the phosphatase level between these two groups of hypophysectomized 
rats. The normal animals employed were 41 to 42 days old and their 
plasma phosphatase activity served for comparison. It is clear that, as 
found in male rats, the plasma alkaline phosphatase content in hypo 
physectomized female rats is definitely lower than that in normal animals. 


Effect of Adrenocorticotropic Hormone 


The relationship of the adrenals to phosphatase in animal tissues has 
been studied by a number of investigators. Williams and Watson (18) | 
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have shown that corticosterone reduces the phosphatase content in rat 
femurs, While desoxycorticosterone acetate produces an increase. In an 
earlier paper Watson (12) reported that adrenal cortical extract lowers 
the serum phosphatase but desoxycorticosterone acetate has no effect. 
Furthermore, adrenalectomy produces a.marked lowering of phosphatase 
in the cat kidney (16). It would appear of considerable interest to in- 
vestigate the plasma alkaline phosphatase level in animals with adrenals 
hypertrophied by the administration of adrenocorticotropic hormone. 

In Table IV, results obtained with hypophysectomized male rats are 
summarized. The adrenocorticotropic hormone was isolated from sheep 
pituitaries by the method previously described (17). Male rats hypophy- 
sectomized at 40 days of age were injected intraperitoneally immediately 


TABLE IV 


Effect of Adrenocorticotropic Hormone on Phosphatase Content tn Plasma of 
Hypophysectomized Male Rats 


: Body weight | Phosphatase 
| | 
| | Nperce. | P 
| | 100 
Initial | Final | Per 100 mg. N ce. 
gm. | gm. | me. meg. | » units oni 
Injected*. .|144.6 + 2.52t|112.7 + 2.49 + 1.10,9.63 + + 0.24 (25.1 
Control..../147.1 + 1.98 (124.6 + 2.02/10.5 + 0.45 8.67 + 0.16 3.46 + 0.22 '30.0 


* Rats hypophysectomized at 40 days of age; injections with 0.20 mg. of hormone 
daily began on the day of operation once daily for 15 days except Sundays; t.e., thir- 
teen injections in 15 days. 

+ Mean + standard deviation. 


after operation with 6.2 mg. of adrenocorticotropic hormone daily (except 
Sunday) for 15 days. As was shown in an earlier report (17), this daily 
dose is sufficient to maintain the weight of adrenals at 25.0 mg., while the 
hypophysectomized controls have adrenal weights of 10.5 mg. The data 
indicate that, when alkaline phosphatase is expressed either in units per 
100 mg. of N or per 100 cc. of plasma, the enzyme level is significantly 
lower in the hormone-treated group than in the control. 

Similar experiments were carried out in 40 day-old normal male rats. 
A total daily dose of 1.0 mg. of adrenocorticotropic hormone was em- 
ployed; intraperitoneal injections were instituted three times daily, twice 
on Saturday, and once on Sunday for 15 days. The results in Table V 
show that the averaged adrenal weights of six injected animals were 50.3 
mg., while those of the controls were 29.3 mg. The increase of adrenal 
function is further displayed by both the inhibition of body growth and the 
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reduction of thymus weight in the injected group as compared with the | 
controls. The alkaline phosphatase content in the plasma is convincingly | 


reduced by the hormone; the hormone-treated animal has an average of 


28.4 units of phosphatase per 100 cc. of plasma, whereas the untreated male _ 


rats of 55 days of age possess 41.3 units. 


From bone studies, it was found that adrenocorticotropic hormone caused _ 
a retardation in both chondrogenesis and osteogenesis in the region of the | 


proximal epiphysis of the tibia of normal rats (18). Moreover, the in- 
hibiting action of adrenocorticotropic hormone on the growth of young 


and adult male rats has been clearly demonstrated (19); it may therefore | 


be concluded that the reduction of alkaline plasma phosphatase activity by 


the hormone is probably due to the lowering of the enzyme content in the | 


TABLE V 
Effect of Adrenocorticotropic Hormone on Phosphatase Content in Plasma of Normal 
Male Rats 
Body weight Phosphatase 
No. 
; N per cc. Per 
f 
Experiment = Adrenals | Thymus plasma 109 
mg. N plas- 
ma 
gm. gm. meg. meg. meg. units pore 
6'130.7 164.1 (50.3 123.8 9.02 3.15 28.4 
+5.83T} +3.08) +2.91;) +11.75) +0.34) +0.15 | 
10'142.0 211.5 (29.3 410.1 8.43 4.90 41.3. 
+3.07 +6.645 +0.85) +10.23) +0.11) +0.40 


*40 day-old male rats; 1.0 mg. of hormone divided into three injections daily. 
On Saturday two injections and once only on Sunday, for 15 days. 
+ Mean + standard deviation. 


osseous tissues. To verify this presumption data on tibia phosphatase 


activity should be known. Such studies are planned for future investi- | 


gations. 
A comparison of the results herein reported with those obtained by 
Watson (12, 15) when adrenal cortical hormones were employed seems to 


indicate that the adrenals hypertrophied by adrenocorticotropic hormone — 
secrete mainly, if not wholly, steroids which have an oxygen atom on Cn, | 
rather than substances akin to desoxycorticosterone. This deduction is in | 
agreement with the conclusion of Fraenkel-Conrat et al. (20) from studies of | 


liver arginase. 


SUMMARY 


The alkaline phosphatase in the plasma of male rats at various ages 
(21 to 90 days) has been determined. After hypophysectomy, the enzyme 
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activity in the plasma of male rats 40 days of age decreases with successive 


postoperative periods (4 to 15 days). A similar lowering of the plasma 


_ phosphatase values in female rats occurs after removal of the pituitary. 
In normal and hypophysectomized male rats the administration of 


adrenocorticotropic hormone in doses causing hypertrophy of the adrenals 


| produced a significant decrease in the alkaline phosphatase level of the 


plasma. 
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THE ESTIMATION OF LYSOZYME BY A VISCOSIMETRIC 
METHOD* 


By KARL MEYER ann ELEANOR HAHNEL 


| (From the Department of Ophthalmology, College of Physicians and Surgeons, Columbia 


University, and the Institute of Ophthalmology, Presbyterian Hospital, New York) 
‘Received for publication, February 23, 1946) 


Hitherto the bacteriolytic action of lysozyme has been assayed by meas- 
uring the clearing of suspensions of organisms exposed to the agent. The 
susceptibility of test organisms exposed to lysozyme is variable. These 
variations are due to enzymes contained within the bacterial cells. In 2 
previous publication (1) it was pointed out that concomitantly with the 
lysis by lysozyme there appears a large amount of non-protein N and inor- 
ganic phosphate. Paralleling this breakdown process, many enzyme activi- 
ties of the intact or acetone-killed organisms are found to disappear com- 
pletely when the organisms are laked with lysozyme. From this it is 
evident that bacterial lysis is a complex reaction which involves the partici- 


_ pation of the bacterial enzymes as well as of lysozyme. 


A test of lysozyme activity, based on a single chemical reaction, was 


_ obviously desirable. The mechanism of lysozyme activity has been ex- 
_ plained in terms of the hydrolysis of a substance of mucoid nature contained 
_ within the bacterial wall. Such mucoid material was extracted from the 


cells and was found to be hydrolyzed by lysozyme, as was shown by the 
liberation of reducing substances (1). These observations were confirmed 
and partly extended by other investigators (2,3). However, this reaction 
was rather slow compared to the speed of bacterial lysis, apparently because 
of the impurity and degraded state of the substrates. The isolation of the 
substrates of lysozyme in their high polymer form was finally achieved. 
The depolymerization of this material, as measured viscosimetrically, 


_ proved to be a specific, accurate, and speedy test for lysozyme activity, 


EXPERIMENTAL 


The isolation of the substrate of lysozyme in a native form involved con- 
siderable difficulty. The organisms most susceptible to lysozyme, viz. 
Micrococcus lysodeikticus and some strains of Sarcina lutea, are highly 
resistant to mechanical disintegration. Even ultrasonic treatment leaves 


_ the cells intact (Dr. P. K. Stumpf).! Cells ground in a number of bacterial 


* This work was supported in part by a grant from che Josiah Macy, Jr., Founda- 
tion. 


1 Private communication. 
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mills yielded no carbohydrate on extraction with alkaline sait solutions, — 


From these and other experiments it must be concluded that the mucoid 
exists within the bacterial wall as an insoluble complex. In eartier work 
the mucoid was extracted by 2.5 N sodium hydroxide:at 100° (1°, by treat- 
ment with formamide at 170°, or by treatment with cold hypovchlorite fol- 
lowed by hot formamide solution (2). None of the fractions obtained from 


these extracts exhibited any appreciable viscosity, nor was the mucoid | 


present in any reasonable state of purity. The use of alxali, which is 
known to be highly destructive to many mucopolysaccharides, could not 
be avoided, since no method was found of bringing the substrate into solv- 
tion other than the use of lysozyme. When heavy susp¢asions of the micro- 


organisms were exposed to lysozyme for a few minutes, followed by the | 


inactivation of the enzyme by iodine, no viscous carbohydrate was obtained, 
(Such solutions have yielded a viscous solution whose viscosity could be 


abolished by desoxyribonuclease, a sample of which was obtained from 


Dr. M. McCarty (4). This sample was free of lysozyme but, when added 
to suspensions of organisms together with lysozyme, a greater clearing was 
effected than by lysozyme alone.) Extraction with 90 per cent phenol 
left the organisms intact. The preparation of a viscous mucopolysac- 
charide fraction was finally made possible by prolonged treatment with 
0.5 N sodium hydroxide at 25°. 


Method of Preparation of Crude Mucopolysaccharide Fraction 


Micro lysodeikticus was grown for 48 hours in Roux bottles on Difco 
nutrient agar enriched with 0.5 per cent glucose and 0.1 per cent yeast 
extract. Almost double the yieid of organisms was obtained on a medium 
consisting of Difco heart infusion agar fortified with 0.5 per cent glucose. 
(However, the isolation of viscous fractions from organisms grown in this 
medium proved to be much more difficult.) The organisms were washed 
off the agar with cold water, filtered through a “milk pad” (Schwartz 


Manufacturing Company) to remove larger agar particles, and poured into — 
5 volumes of ice-cold acetone. After 24 hours at 0° the organisms were | 
collected by filtration through a Biichner funnel, washed with acetone and — 


ether, and dried in vacuo. 

For extraction 10 to 15 gm. of dried organisms were ground to a fine paste 
in 200 ce. of 0.5 N sodium hydroxide and kept in an atmosphere of nitrogen 
for 7 to 8 days at 25°. The suspension was then diluted with 200 ce. of 
water and the cells separated by sharp centrifugation. The supernatant 
fluid contains practically none of the substrate of lysozyme, but a good deal 
of inert material, including carbohydrates derived from agar. The packed 
cells were washed with water, again separated by centrifugation, resus- 


pended in 200 ce. of 0.5 x sodium hydroxide, and kept in nitrogen at about — 
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95° for another 14 days. The cells were disintegrated by that time. The 


-_ viscous material was diluted with 200 cc. of water and cleared by centrifuga- 


tion. The residue, after being washed, was not cleared by incubation with 
lysozyme, nor did it yield any reducing substances. The alkaline super- 
natant solution was acidified to about pH 4 with glacial acetic acid and 
poured into 2 volumes of alcohol. The fibrous precipitate was collected 
by centrifugation and washed repeatedly with 80 per cent alcohol. The 
moist alcoholic material was dissolved in 200 cc. of 10 per cent sodium ace- 
tate, diluted with 200 cc. of water, stirred for 1 hour with 80 cc. of chloro- 
form-amyl alcohol mixture, and finally centrifuged. To the turbid super- 
natant solution 40 cc. of 10 per cent zinc acetate were added and the pH 
adjusted to about 7.0 until flocculation of the zine hydroxide occurred. 
The material was cleared by centrifugation, and the supernatant solution 
acidified to about pH 4 and precipitated with 2 volumes of alcohol. The 
precipitate was collected by centrifugation, washed repeatedly in a mortar 
successively with 80 per cent, 95 per cent, and absolute alcohol and ether, 
and dried in vacuo over P.Os. The yield varied between 1.5 and 2 gm. for 
10 gm. of dried bacteria. 

From a strain of Sarcina lutea, isolated from the laboratory air, a 
similar carbohydrate fraction has been isolated. This strain of Sarcina 
lutea is laked with egg white lysozyme at about the same dilution as is 
needed for lysis of Micrococcus lysodeikticus.2, The crude polysaccharide 
fraction of this organism, in contrast to the fraction from Micrococcus 
lysodetkticus, contains in addition to the substrate of lysozyme a carbo- 
hydrate which forms a viscous solution but is not attacked by lysozyme. 

From a third organism, Staphylococcus muscae, a similar carbohydrate 
has been obtained, though in much lower yield. This Staphylococcus re- 
quires for lysis a concentration of lysozyme some 30 times greater than that 
required for the two previously mentioned organisms. 

The crude Micrococcus lysodetkticus fractions? contain between 5.5 and 
§.5 per cent of nitrogen and 23 to 30 per cent of hexosamine (5). On incu- 
bation of these fractions (5 mg. per cc.) with lysozyme (0.04 to 0.1 mg. 
per cc.) for 2 hours, about 10 per cent of the weight appears as reducing 
sugar, expressed as equivalents of glucose. About one-half of this value 
can be determined as acetylglucosamine (6). 

Lysozyme Preparations—The egg white lysozyme used in these experi- 
ments was prepared either by the method used in this laboratory (7) or by 


? The bacteriological aspects of the problem will be reported in a separate publica- 
tion with Dr. R. Feiner and Miss A. Steinberg. 

* The further purification and properties of the mucopolysaccharide will be dealt 
with in a later paper. However, it might be pointed out here that the keto reaction 
(2) is practically negative with preparations hydrolyzed by lysozyme, while carbo- 
hydrate fractions not split by the enzyme give a strong reaction. 
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adsorption on bentonite (8). One sample of crystalline lysozyme was — 


obtained from the Western Regional Laboratory. 
Viscosimetric Method—In the viscosimetric method the carbohydrate 


fraction is dissolved to give a 0.4 per cent solution in McIlvaine’s buffer (9) _ 


of pH 5.3, containing as arule 9.2m NaCl. The viscosity of these solutions 
remains constant for about 24 hours, provided they are kept in the ice box. 
At 37° the viscosity slowly decreases, probably owing to oxidative depoly- 


merization. However, this spontaneous loss of viscosity is insignificant — 


a Viscosity of control 


4.0 


comme | Lysozyme 


x xO75Sy 
25— 0.50 
30 — 
Half viscosity 


262 
25 —+ \ 
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Relative Viscosity 


= + 


5 10 iS 260 235 30 minutes 


Incubation time 


Fis. 1. Influence of lysozyme concentration on rate of depolymerization of muco- | 


polysaccharide. 


if lvsozyme concentrations are chosen which catalyze half the reaction 
within 30 minutes. 

The substrate solution (5.0 ec.) is warmed to 37° in a constant tempera- 
ture bath and mixed with 1.0 cc. of lvsozyme present in an appropriate 
concentration in 0.9 per cent sodium chloride. The time of mixing is taken 
as zero time. 5 cc. of the mixture are transferred immediately to an Ost- 
wald viscosimeter having a flow time of about 66 seconds for 0.9 per cent 


sodium chloride. At least four successive readings are made on each 


sample. The viscosity of the control solution (0.9 per cent sodium chloride 


' 


\ 
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without lysozyme) is measured repeatedly. The viscosity of the control 
solutions varies somewhat with different preparations, but its value is 
usually about 4. With the carbohydrate fractions prepared from Micro- 
coccus lysodetkticus, the time necessary to reach half viscosity corresponds 
closely to the calculated value, since the relative viscosity after depoly- 
merization with lysozyme drops to very close to unity. With the carbo- 
hydrate fractions prepared from Sarcina there remains a considerate 


TABLE 
Viscosimetric Estimation of Activity of Crystalline and Amorphous Lysozyme of Egg 
White 
Substrate No. | Lysozyme No. | Lysozyme Halt time | pa aay | Date teste! 
| Y min. | 
20D W. Ro 1.0 Dec. 26 
20D 1.0 7.5 | 0.75 
20D 1.0 7.0 0.70 = 6 
20D : 1.0 7.5 0.75 Nov. 29 
20C | 1.0 7.8 0.75 Dec. 4 
6I | 1.0 0.72 Nov. 29 
20C | 1.0 9.5 0.95 
20C | XBBC 2.0 4.5 0.90 2 
20C | 1.0 7.0 0.7 @ 
20C | M7 1.0 7.0 0.7 Dec. 6 
| 1946 

35C 11 | 1.0 1.8 0.75 Jan. 2 
35CII 1.0 7.5 0.75 
35CI1 1.0 15.0 1.50 2 
35C II | 1.0 15.0 1.530 2b 
| | 1.0 8.0 0.80 2 
35CII | TD 1.0 8.3 0.83 25 
35CII 113DII 1.0 6.5 0.65 21 
35C 113DII 1.0 7.0 0.70 =. & 


| 
| 
*Western Regional Research Laboratory. 


viscosity after the action of lysozyme, but if this residual viscosity & sub- 
tracted, the values for the half time of lysozyme activity are the same as 
those of the Micrococcus lysodeikticus fractions. 

The relative viscosities are plotted on graph paper against the time of 
incubation. J unit is defined as the amount of enzyme required to reach 
half viscosity in 10 minutes. With crystalline egg white lysozyme | unit 
is contained in about 0.73 y. The time required to reach half viscosity 
proportional to the enzyme concentration. This is illustrated in Fig. | 
In this experiment 1.00 y of lysozyme required 7.0 minutes to reach half 
viscosity, 0.75 y required 10.0 minutes, and 0.50 y required 14.5 minutes» 
The accuracy and reproducibility of the method are evident from Table | 
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in which it can be seen that the error is about +5 per cent. This error is 
mostly due to the timing of mixing and to the graphical extrapolation used, 
By increasing the accuracy of both procedures, the error probably could be 
still further decreased. ‘Table I further shows that some of the prepara- 
tions made by our method are as pure as the crystalline material of the Cali- 
fornia group. The high electrophoretic mobility of our preparation in 


borate solution (10) is apparently due to complex formation with the 
borate.‘ 
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Fia. 2. Influence of pH on lysozyme activity as measured viscosimetrically 


‘ The activity of the reaction is not increased by biotin. The biotin effect previ- 
ously reported (10) is observed only with a labile variant strain of Micrococcus lyso- 
deikticus, which was characterized by a remarkable tendency to autolyze. Avidin 
preparations tested in this laboratory both by the bacteriolytic and viscosimetric 
methods had lysozyme activity in all cases. The lysozyme activity was highest 
with the avidin preparations of greatest antibiotin potency. The preparations of 
avidin included material prepared according to Woolley and Longsworth (11) and 
according to the California group (12). Our lysozyme preparations were devoid of 
avidin activity. It still appears to us most probable that egg white lysozyme and 
avidin are related to each other and that one protein is derived from the other. The 


plant lysozymes (13), however, do not occur together with an agent acting as anti- 
biotin. 


4.0 
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Previously the pH optimum for egg white lysozyme, as determined by 
measuring the rate of increase of reducing sugar, was given as about pH 
3.5 (1). The pH curve as determined by the viscosimetric method i# 
shown in Fig. 2. In this experiment, samples of substrate were prepared 
in MclIlvaine’s buffer of different pH levels and 1 y of egg white lysozyme 
was added to each solution. Controls without lysozyme were measured at 
each pH, as the viscosity varied somewhat with changes in pH. It can be 
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Fic. 3. Influence of pH on lysozyme activity as measured by the increase in 
reducing groups. 


seen that the optimum is at pH 5.3, as measured by the glass electrode. 
The pH dependence curve, as measured by the increase in reducing sugar, 
is shown in Fig. 3. Samples of substrate (10 mg. per ce.) were incubated 
with egg white lysozyme (0.04 mg. per cc.) in M/15 buffers. After 20 
hours the solutions were titrated by the ceric sulfate method (14) and the 
pH measured by the glass electrode. Optimum rate of hydrolysis is 
observed at pH 4.95. 
The addition of 0.2 m sodium chloride had no influence on the increase 

in reducing sugar. However, if lysozyme activity is measured viseosi- 
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NO NACL 
0.2 MNaCL 


Contro!- No NaCL 


Control-¢ NoCL 


Half visc.No 
Half visc. ¢ NaCL 


Relative Viscosity 


10 20 30 40 50 minutes 
Incubation time 


Fic. 4. Influence of sodium chloride on lysozyme activity as measured viscosi- 
metrically. 


TaBLeE II 
Viscosimetric Estimation of Lysozyme Activity of Some Fluids and Tissues 


| time | Lysozyme cc. or gm. 
min 
Egg white 1:10,000 8.0 12,500 
Tears 1:500 5.5 
1:1,000 10.5 
Saliva H | 1.3 
10.5 | 1.9 
Guinea pig cartilage (rib) 1:10 =| :10.5 10.0 
serum 11:5 60 (Approximate) 0.8 (Approximate) 
11:5 100 0.5 
‘* tear gland 1:10 200 0.5 
Human cartilage (rib) ees 36.3 


metrically, addition of sodium chloride leads to a remarkable increase in 
activity, as can be seen from Fig. 4, in which 1 y of lysozyme was added 
to the substrate solution with and without salt. 3 


| 
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Applications of Method-—-The concentration of lysozyme in native egg 
white, in a sample of pooled tears, in filtered saliva, in serum and some 
tissue extracts of a guinea pig was determined viscosimetrically and the 
results are shown in Table I]. The tears (stimulated by onions) were 
collected from three normal adults and cleared by centrifuging. (©m the 
basis of total protein the lvsozyme titer of tears is somewhat higher than 
that of egg white. ‘The cartilage and tear glands of the guinea pi were 
ground with sand and 0.9 per cent sodium chloride and the mixture wae 
centrifuged. The colon was rinsed thoroughly with water and its meee 
scraped off and ground with sand. The human cartilage was obtained at 
autopsy of a 14 months old baby. The actual titer may be still comenler. 
ably higher, since after grinding many large particles remaimed and sumece 
no effort was made to elute adsorbed lysozyme from the sand. ‘The high 
lysozyme titer of the cartilage in comparison with the other tissues seen 
remarkable. 


DISCUSSION 


The viscosimetric method for the determination of lysozyme seem. bar 
superior to the bacteriolytic methods in use now. In accordance with other 
workers, we have found that the sensitivity of living organisms to lyvsoeyme 
varies greatly with changes in media and strains. In our experience this 
is likewise true for organisms killed by various methods. ‘The explanation 
for this variation apparently lies in changes in the autolytic enzymes com 
tained within the bacterial cell, which contribute to a varying degree to 
the visible clearing of bacteria] suspensions. 

Lysozyme has many characteristics of another mucolytie enzyme, | yal 
uronidase. Like the latter, it is reversibly oxidized, and in low concentra 
tions it primarily catalyzes the depolymerization of its substrate with little 
or no apparent increase in reducing groups. Furthermore, in both enayvene 
systems, chloride ion greatly increases the depolymerase action, while the 
opening of glucosidic linkages does not seem to require halogen The 
chloride effect, in our experiments, is more pronounced with hyaluromicles 
than with lysozyme, presumably because less chloride was present im the 
preparations. It seems that these mucolytiec enzymes im commen woth 
some other polysaccharidases like amylase and pectinase can function a 
either depolymerase or glucosidase, depending on whether the enzyme « 
combined with chloride. It remains to be seen whether the chlorele « 
bound by a metal or by a specific organic group within the protein molecule 

One of the most important problems is the function of lyeoewme in 
var‘ous fluids and cells. Its occurrence in microbes, ineluding thee «nes 
tive to the enzyme (15), and in tissues like cartilage suggests thet if« fom 
tion is primarily metabolic, concerned with the 
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drolysis of its substrate. Its réle as a defense mechanism then would be 
purely incidental. In the case of hyaluronidase, a similar multiplicity of 
function has been established. Hyaluronidase can protect against strep- 
tococceal infection (16), testicular hyaluronidase is concerned with mam- 
malian reproduction (17), while different bacterial hyaluronidases may 
facilitate infection in making available to the microorganisms carbohydrates 
essential to their growth. If the function of lysozyme is considered to be 
primarily metabolic, the wide occurrence of the substrate is to be antici- 
pated. However, thus far a search for the substrate of lysozyme in ex- 
tracts of various organs has been futile. 


SUMMARY 


1. A method has been described for the isolation from a number of 
microorganisms of a highly polymerized mucopolysaccharide fraction 
which can serve as the specific substrate of lysozyme. 

2. This polysaccharide is depolymerized by lysozyme obtained from 
different sources. With larger concentrations of lysozyme, glucosidic 
linkages are hydrolyzed and reducing sugar and acetylhexosamine appear. 

3. The depolymerization of this mucopolysaccharide, as measured vis- 
cosimetrically, has been used as the basis of an accurate and rapid method 
of lysozyme determination. 

4. Some data are given for the lysozyme titers in different tissues. 
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Our knowledge of lysozyme, the bacteriolytic and mucolytie eneyme 
found in egg white and in many tissues and body fluid«, i almost entirely 
based on the properties of the enzyme obtained from egg «ete. The wile 
distribution of an agent which is bacteriolytie for certam muicrocoers, 
Sarcinac, and other air-borne organisms, was recognized by Fleming whe 
also reported its occurrence in some plants, especially the turnip (1) 

The occurrence of a lysozyme-like enzyme in samples of pepaim wae 
detected when it was observed that the high viscosity of a soletion com 
taining a mucopolysaccharide fraction isolated from Micrecoceus /yoodert 
ticus disappeared on incubation with papain-HCN. teste 
showed the presence of a lytic enzyme in the papain preparation used 
Other samples of papain showed similar activities. Subsequently lerge 
concentrations of such lytic enzymes were found in a crude preparation of 
ficin, a material obtained from the latex of Central American Picue trees 
(Ficus glabatra and Ficus doliana (2)). 

Like their equivalent in egg white, the plant enzymes lake a number of 
air organisms. They depolymerize a mucopolysaccharile fraction pre 
pared from such organisms, and hydrolyze this fraction with the liberation 
of acetylhexosamine. The plant lysozymes, however, differ from egg white 
lysozyme in that they have a more limited range of antibacterial activity 
Furthermore, the Ficus lysozyme, which was investigated more thoroughly 
than the papain lysozyme, is chemically clearly distinct from the enzyme 
prepared from egg white. 


EXPERIMENTAL 


The mucolytic activity was determined as described in the preceeding 
paper (3). The bacteriolytic activity was measured with Micrecoceus 
lysodeikticus as the test organism. 24 to 48 hour agar slant cultures were 
suspended in primary M/15 phosphate solution and the suspension was 
appropriately diluted to match barium suliate standard No. 10 (4). OS 
cc. of this suspension was incubated for 1 hour at 37° with 0.5 ee. of lyse 
zyme solution in 2-fold serial dilutions in primary phosphate. Then 2 drops 


* This work was supported in part by a grant from the Josiah Macy, Jr., Fe oda. 
tion. 
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of n sodium hydroxide were added and the clearing of the suspensions was 
read visually by comparison with a control. Units are expressed as the 
highest dilution giving complete visible clearing under these conditions. 

Papain—The papain samples tested included a crude commercial ma- 
terial (Merck), crude and purified commercial material obtained several 
years ago from Japan, samples purified by precipitation with alcohol (5) 
including one sample kindly sent us by Dr. Joseph Fruton, preparations 
by the lead and aluminum hydroxide method of Stumpf and Green,! and 
fractions obtained by bentonite adsorption and elution with 5 per cent 
pyridine sulfate (6). 

Table I summarizes data on the mucolytic activity of some papain 
samples. The activity compared to the values for ficin is low in all in- 


TaBLe 
Lysozyme Activity of Papain Preparations As Measured Viscosimetrically 


Preparation No. Lysozyme | Buffer 


units per mz. 


* Prepared by adsorption on bentonite. 

+ Prepared by alcohol fractionation and obtained from Dr. J. Fruton. 
t Prepared from crude papain by alcohol fractionation. 

§ Prepared according to Stumpf. 

| Commercial purified Japanese sample. 


stances. The bacteriolytic activity of the papain preparations likewise 
indicated a very low titer. As with most preparations complete lysis was 
not observed, even with the highest concentrations tested, it is difficult 
to assign numerical values to the bacteriolytic tests. (Many of the papain 
samples became turbid on the addition of alkali.) All the papain samples 
showed lysis with Micrococcus lysodeikticus and Sarcina. With Staphylo- 
coccus muscae, lysis was apparent only in the presence of a reducing agent. 

The low lysozyme titer of papain is likewise evident trom the data on 
hydrolytic activity summarized in Table 11, which represent the increase in 
reducing sugar found after incubation with papain preparations. Under 
comparable conditions egg white lysozyme hydrolyzed 10 per cent of the 
weight of the polysaccharide in 2 hours, whereas papain liberated at most 


1 Stumpf, P. K., and Green, D., personal communication. 
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3.8 per cent in 23 hours. From other experiments it can be assumed that 
the lysozyme concentration in the experiment with egg white lysozyme 
was at least 10 times the required amount. 

Ficin—The ficin preparations used included a sample of crude fem.’ 
This material was purified either by the lead acetate fractionation wed for 
papain! or by adsorption on bentonite. In the latter procedure 20 em. of 
the crude material were dissolved in 200 ce. of 1 per cent potassium chloride 
and acidified to about pH 4 with n hydrochloric acid, an insoluble residue 
was removed by centrifugation, and a suspension of 10 gm. of bentonite 
in 100 ce. of 1 per cent potassium chloride was added with vigorous stirring. 
Stirring was continued for 5 minutes and the suspension centrifuged. 
About 50 per cent of the activity remained in the supernatant solution. 


Tasie Il 
Hydrolysis of Mucopolysaccharide 
Hy drolysis 
Mixture in w/7.§ citrate buffer, pH 4.95 = 
2 hrs 23 
| per coms per 
Substrate (10 mg. per ec.) + Sumeritin S (2 mg. per 
ec.). 2.0 3.8 
Dubstrate (10 mg. per cc.) 
Substrate (10 mg. per cc.) + Papain 2 (2 mg. per 
Substrate (10 mg. per ce. ‘) + Papain 4 (2 mg. per 
Substrate (101 mg. per ce. 2) + lysozyme W. R.* (2 mg. 


* Western Regional Research Laboratory. 


The adsorbed material was eluted three times with 0.2 m phosphate of pH 
7.5. The supernatant solutions were centrifuged, filtered through a sintered 
glass filter, and dialvzed first against cold running tap water, then against 
distilled water at 4°, allowed to stand in the cold for several days, clarified 
by centrifuging, and Ivophilized. These preparations, and those obtained 
from the fractionation with sodium chloride, as will be seen from Table 
III, were the most potent. 

From neutral solution, little ficin was adsorbed by bentonite. In con- 


2 We thank Dr. D. F. Robertson of Merck and Company, Inc., for the supply of 
this material. According to the manufacturer it was spray-dried at the site of col- 
lection. 
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trast to egg white lysozyme, all activity adsorbed can be eluted with phos- 
phate. Practically no further activity is recovered with 5 per cent pyridine 
or pyridine sulfate solution. 


Taste III 
Comparison of Bacteriolytic, Mucolytic, and Proteolytic Titer of Samples of Ficus 
Preparations 
Eker Bacteriolytic titer Mucolytic titer | Proteolytic 
Organisms pH 
unils per mg. unils per meg. units per me. 
Egg white Micrococcus lysodeik- | 260 1370 5.3 Negative 
lysozyme* ticus 
Sarcina lutea 260 
Staphylococcus muscae| 16 
Crude ficint | M. lysodetkticus 64 714 3.5} 31.0 
S. lutea 6-4 333 5.3 
St. muscae 1 (Ap- 
proxi- 
mate) 

Ficin 13* M. lysodetkticus Negative! 0.4 (Approximate)3.5) 100.0 
<0.5 2.6 3.5) 71.4 
130 1000 3.5 

S. lutea 130 

M. lysodetkticus 130 1100 5.3 14.3 
16- 30 | 27 5.3} 33.3 
32- 64 | 500 3.5 

S2Al$§ 2220 3.5 8.4 


* Crystalline. 

+ Merck and Company, Inc. 

t Lead acetate preparation. 

§ Adsorption on bentonite and elution with phosphate. 

| Adsorption on bentonite and elution with pyridine and pyridine sulfate. 
" Sodium chloride fractionation. 


Table III illustrates the correlation between the bacteriolytic titer, as 
determined by the visible clearing of live organisms, and the mucolytic 
titer as determined viscosimetrically. Considering the inaccuracy of the 
bacteriolytic method and the fact that the fractions were tested with many 
different batches of organisms, the correlation appears to be satisfactory. 
It seems to be especially significant that the two samples of crystalline 
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ficin (7),? which had a high proteolytic activity, were almost completely 
devoid of lysozyme activity in both tests. 

It was evident from the data on the adsorption of ficin on bentonite 
(and from electrophoretic data) that the physical properties of the Ficus 
lysozyme are distinctly different from those of egg white. This is likewise 
indicated in Fig. 1, in which the mucolytic activity of a ficin preparation 
was determined at different pH levels with MelIlvaine’s buffer. As the 
viscosity of the control varied with the pH, the control viscosity at each 


105 min. 


ai 


30 min. 


lOmin. 


3.0 4.0 5.0 6.0 7.0 


oH 


Fic. 1. Effect of pH on activity of Ficus lysozyme, as measured viscosimetrically 


TIME REQUIRED TO REACH HALF-VISCOSITY 


pH was determined. The pH optimum with Ficus lysozyme lies between 
pH 3.2 and 4.2. The optimum pH for egg white lysozyme is at pH 5.3 (3). 
In accordance with the low activity of the Ficus lysozyme at neutral pH, 
there was likewise only a trace of activity at neutrality in the bacteriolytic 
test. This shows the importance of carrying out the bacteriolytic test at 
acid reaction, followed by alkalization at the end of the incubation period. 

Egg white and Ficus lysozyme also differ with respect to stability. Crys- 
talline egg white lysozyme and a Ficus preparation each in concentration 


* We are greatly indebted to Dr. Alphonse Walti for these samples. 
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of 100 y per cc. in MelIlvaine’s buffer of pH 5.0 and 8.0 were heated for 10 
minutes at 100°. These were then diluted and tested viscosimetrically 
against the same substrate. With egg white lysozyme the unheated con- 
trol contained 1 unit in 0.75 y, while the samples heated at pH 5 and 8 
contained 1 unit in 1.7 and 140 y respectively: These results show the 
great stability of this enzyme in acid solution and the markedly greater 
lability at an alkaline pH. With the Ficus lysozyme, the unheated control 
contained 1 unit in 1 y. Both heated samples were completely negative 
in concentrations of 100 y per cc. 

Igg white and Ficus lysozyme also differ in their behavior towards some 
strains of Wicrecoccus lysodeikticus and Sarcinae. <A strain of Micrococcus 
lysodetkticus was adapted to egg white lysozyme by growing the organisms 
in increasing concentrations of egg white lysozyme. An adapted strain 


Milk-Clotting Activity of Lysozyme Preparations 


Sample | Clotting time 
No. MII22A, papain, 800 y + SO; ! 101.9 
Ficin, Merck, 800 y + SO; 30 
W. R.,* lysozyme, 800 y + SO; Negative, discontinued after 24 hrs. 


No. 97C, lysozyme, 800 y + SO; 1} 


*Western Regional Research Laboratory. 


which required 16 times the concentration of egg white lvsozyme for com- 
plete Ivsis had become completely retractory to Ficus lysozyme. Experi- 
ments are in progress to determine whether the adaptation is due to destruc- 
tion of the lysozymes. Strains naturally resistant to egg white lysozyme 
likewise are less sensitive to or are not affected by Ficus lysozyme. 

It seemed of special importance to determine whether the proteolytic 
activities of papain and ficin are in any way related to the bacteriolytic 
activity. The data reported in Tables IIT and IV rule out the possibility 
of any correlation. Proteolytic activity of some preparations was measured 
by the milk-clotting power (cf. Table IV), with a commercial dry milk 
powder as a substrate.‘ 20 gm. of Dryco were triturated with 100 cc. of 
0.1 N acetate buffer of pH 5 until homogeneous. The fat was separated by 
centrifuging and removed. Enzyme solution (0.1 ce.) and 0.005 per cent 
sodium sulfite (0.1 ce.) or 0.9 per cent sodium chloride (0.1 cc.) were pipetted 


* We thank Dr. Paul Stumpf for information about this test. 
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into atube. Atter 5 minutes at 37°, 2 cc. of the milk, previously warmed 
to 37°, were blown into the tube and the clotting time observed. A control 
tube without enzyme was similarly prepared. It can be seen from Table IV 
that crude ficin had a much higher proteolytic activity than did papain. 
Two different samples of egg white lysozyme failed to show any activity 
in clotting milk. Egg white lysozyme, furthermore, in a concentration of 
2 mg. per cc. after incubation for 24 hours with the polysaccharide fraction 
(20 mg. per ec.) gave no increase in amino nitrogen (Van Slyke). 

In Table III the proteolytic activities of some Ficus samples are re- 
corded. The proteolytic activity was measured viscosimetrically, with a 
solution of 5 per cent gelatin made up in MclIlvaine’s buffer (pH 5.3) con- 
taining 0.2 m sodium chloride as substrate. 1 unit of proteolytic activity 
is defined as the amount of enzyme required to reduce the viscosity of the 
gelatin solution to one-half in 10 minutes. It can be seen from these data 
that mucolytic and proteolytic activities do not run parafle{. In the better 
preparations of Ficus lysozyme, mucolytic activity had been concentrated 
3 to 4 times as compared to the crude material, whereas proteolytic activity 
had decreased by about the same factor. The lytic activity of these Ficus 
samples appears about twice as potent as pure egg white lysozyme. 

Lysozyme activity is obviously not confined to the plant species from 
which papain and ficin are prepared. A test of three samples of freshly 
collected Jatex' showed the following mucolytic activity (in MelIlvaine’s 
buffer of pH 5.3 and 0.2 mM sodium chloride): 


untis per 


* Obtained through the courtesy of Merck and Company, Inc. 
DISCUSSION 


The occurrence of lysozyme in the latex of some plants, in some ins‘ances 
in very high concentration, seems remarkable. The apparent activity of 
crude ficin, for example, is about 65 per cent of that of pure egg white 
lysozyme per microgram of dry weight, if the activity of the latter is taken 
as l unit in 0.73 y. On the other hand, if we assume, on the basis of the 
proteolytic activity, that pure Ficus lysozyme contains 1 unit in about 
0.3 y, the apparent activity is only about 20 per cent. The rdle this lyso- 
zyme plays in the physiology of the plant is unknown. It remains to be 
seen whether the mucolytie activity is connected with the metabolism of 


' We are indebted to Dr. W. J. Robbins of the Bronx Botanical Gardens for this 
material. 
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the polysaccharide in the plant, or whether it is directed as a defensive 
enzyme against insects or other plant parasites. 


SUMMARY 


1. The presence of a mucolytic enzyme with activities similar to those 
of egg white lysozyme has been found in the latex of different plants. 

2. In crude ficin the concentration of such an enzyme is especially high. 

3. The Ficus lysozyme has been partly freed of proteolytic enzyme. 
The proteolytic enzyme, ficin, in the crystalline state is markedly low in 
lysozyme activity. 

4. Ficus lysozyme is eccianibe quite different from the lysozyme found 
in egg white. 
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THE CONJUGATED, NON-PROTEIN, AMINO ACIDS OF PLASMA 


J. POSTABSORPTIVE CONCENTRATIONS OF HUMAN PLASMA, 
SERUM, AND ERYTHROCYTES 


By HALVOR N. CHRISTENSEN ann ELEANOR L. LYNCH 
(From The Mary Imogene Bassett Hospital, Cooperstown, New York) 


(Received for publication, March 7, 1946) 


Of the three categories of amino acids present in blood, the free amino 
acids and the protein amino acids have received much more careful at- 
tention than the third class, those which are neither protein nor free. These 
have been assumed to be manifestations of protein metabolism, represent- 
ing intermediate stages in the degradation and synthesis of protein. The 
study of digestive enzymes brought attention early to the formation of a 
series of compounds of decreasing size from proteins to amino acids. Do 
living cells contain a complete series of these compounds in the free state, 
representing the step by step synthesis of proteins? Schoenheimer and his 
associates (1) have demonstrated so extreme an activity in the regeneration 
of proteins as to suggest an incorporation of amino acids into proteins with- 
out the intermediary formation of many successive oligo- and polypeptides. 
Thus the extent of polypeptide participation in protein synthesis is brought 
into question. 

Absorption of incompletely digested fragments of protein is probably not 
an adequate explanation for the presence of peptides in blood, especially if 
they are present in the postabsorptive state. A major fraction of the blood 
peptides, namely the cellular glutathione, obviously does not arise from 
absorption as such from the intestine and probably does not function simply 
as a transport form of amino acids. Other peptides might be similarly 
specialized structures. 

A practical aspect of peptide metabolism arises from the wide parenteral 
use of partial hydrolysates of protein. These have been reported to be 
nutritionally more efficient when administered parenterally than com- 
pletely hydrolyzed proteins or amino acid mixtures (2). White and 
Sayers (3) have suggested that peptides perhaps are better handled by the 
tissues or better retained by the kidneys than are free amino acids. ‘The 
great biological activity of a number of polypeptides also enhances interest 
in the metabolism of these substances. 

The foregoing considerations, the irregularity in levels of bound amino 
acids in blood observed heretofore ((4-19), Table I) and the availability of 
new tools, the manometric ninhydrin procedure (20, 21) and of procedures 
for certain amino acids permitting differentiation between free and bound 
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forms,! prompted a reinvestigation of the combined amino acids of human 
blood, plasma, and serum. The necessity of a precise measurement of a- 
amino nitrogen of high specificity is emphasized by the questionable increase 


TaBLe I 
Some Observations of Combined Amino Acids of Blood* 


} 


Investigators Material Deproteinization| Hydrolysis | | Normal findings 
mg. per ceni N 
Schweriner, 1920 | Defibrinated | Mercuric chlor- | Acid, 4hrs. Formol titration! None detectedt 
(4) human blood! ide 
Hiller and Van Defibrinated | Tungstic acid _ | Gasometric ni- | 1.4, 4.0, 4.3 
Slyke (5) ox blood  trous acid | 
Same samples | 2.5% trichloro- | 6.5, 7.7, 7.0 
acetic acid 
Hannaert and Dog plasma _ | Trichloroacetic None detected 
Wodon (6) acid 
Blau (7) Human whole | Boiling acetic About 0.9tt 
blood acid and tri- 
chloroacetic 
acid 
Swanson (8) Human blood | Tungstic acid Alkali Folin colorimet- | 4-20 
rie 
Jackson, Sher- 2.5% trichloro- Acid Uenally less than 
wood, and acetic acid ~ 
Moore (9) 
Kotschneff (10)§ Dog blood Probably tri- ts Gasometric ni- | 3.8-7 
(femoral chloroacetic trous acid 
vein) acid | | 
Abderhalden and Horse serum Dialysis | alkali | | About as much 
Rossner (11) | | | combined as 
| | | free 
Erepsin or | None 
trypsin-kin- 
Martens (12) Human Trichloroacetic | Acid _ Folin colorimet- | 1.2-5.85, average 
plasma | ric 3.5f 
Becher and Herr- Human blood | Average 2.4 
mann (13 
Kirk (14) Tungstic acid , “ Gasometric ni- -—9.54 to +0.55, 
plasma trous acid average 0.03) 


* 4 Jong list of investigations (over 70) in which it was sought to determine “polypeptide N,’’ especially in 
disease, by measuring the difference in nitrogen content (or of substances yielding color with Folin’s phenol 
reagent) (see elsewhere (15-18)) of two blood filtrates obtained by different deproteinizing agents, is not con- 
sidered here. Highly variable findings have been reported. 

+ Large increases in disease. 

? The experimental error was of this order; hence the investigators considered the presence of peptide 
nitrogen questionable. 

§ Kalmykoff (19), also in London’s laboratory, found no peptide nitrogen in dialysates of dog serum. 

| Large negative and positive values reported in uremia. 


or lack of increase by hydrolysis reported in several of the above investiga- 
tions. Evidence has been sought as to the function of the amino acid com- 


1 A differentiation of free and combined amino acids in blood or plasma, and hence 
estimates of free individual amino acids, are probably not obtained by simple appli- 
cation of microbiological assays (22). 
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binations by studying the fasting levels, the changes with administration of 
proteins and protein degradation products, and in disease, and the contribu- 
tion of certain amino acids to the free and conjugated amino acid levels and to 
changes inthem. This communication reports postabsorptive concentra- 
tions of plasma, cells, and serum. 

Hiller and Van Slyke (5) demonstrated that a group of protein pre- 
cipitants ranged from tungstic acid to 2.5 per cent trichloroacetic acid as to 
efficiency in precipitating intermediate degradation products from solutions 
of peptone, and they observed that in defibrinated ox blood a portion of the 
combined amino acids was precipitated by the first but not by the second 
reagent (Table 1). We have determined combined amino acids of the two 
eategories observed by these authors, those present in tungstie acid fil- 
trates and those not present in tungstic acid filtrates but present in 2.5 


TABLE II 
Effect of Hydrolytic Agent and Hydrolytic Conditions upon a-Amino Nitrogen Found 
The values are giveninmg. percent. Each value represents a separate hydrolysis 
and a single analysis. 


i 
| Before 4. HCl at 100° in air lan HClat|4NHClat 110°! 2 Nand3N 

ysis hre | 92 Cay | 24 hrs. at 100 
6hrs. '12 hrs. 24 hrs. 48 hrs. | 12 hrs. 24 hrs. } 24 hrs. 

1 4.70 | 4.92 | 5.25 | 5.21 | 35.20 | 5.23 | 3.84 5.25 

4.40 | | 3.2 | §.20 | §.17 5.17 
2 4.30 6.50 6.40 | 6.13 
6.53 6.44 
6.44 6.52 


per cent trichloroacetic acid filtrates. For convenience the latter fraction 
has been designated as ‘‘polypeptide”’ nitrogen, although the substances 
involved may include even proteins (23). 

The term a-amino nitrogen is used here for the nitrogen determined by the 
manometric ninhydrin procedure. The term combined (or bound) a-amino 
nitrogen is used rather than the term peptide nitrogen tor two reasons: 
(1) Each of the a-amino nitrogens in a typical peptide molecule will be re- 
corded by the ninhydrin method as combined, although one of these nitro- 
gens is not involved in a peptide bond; (2) the only evidence herein bearing 
upon the nature of the amino acid combinations in plasma is the degree of 
stability of the bound forms to acid. There is very little evidence for 
supposing that these cempounds are not peptides, although Abderhalden 
and Rossner (11) failed to observe a release by erepsin of combined amino 
acids in dialysates of horse serum (Table I). 

We have found the total a-amino nitrogen after acid hydrolysis of 
plasma filtrates to be a reproducible quantity whether hydrolysis was in 
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air or in nitrogen, at 100° or 110°, for any period over 12 hours (Table I]), 
Alkaline hydrolysis also gave reproducible results, although only 85 per 
cent as much combined a-amino nitrogen with one plasma, as was obtained 
by acid hydrolysis (Table II). Tryptophane is probably lost by acid 
hydrolysis of blood filtrates. A tryptophane level in plasma of 1.14 mg, 
per cent (24) would result in an underestimation of the combined a-amino 
nitrogen of 0.08 mg. per cent. An overestimation of the combined amino 
acids of the same magnitude results from the loss of glutamine in the 
estimation of free a-amino nitrogen (25). 

The postabsorptive levels of bound a-amino nitrogen of tungstic acid 
filtrates of plasma of young adults (twenty-one observations) ranged from _ 


TABLE III 
Free and Combined Amino Acids in Filtrates of Human Plasma (Mg. Per Cent) 
Tungstic acid Trichloroacetic 
Subject and date Determination titrate acid filtrate umeorse 
Free Total Free Total Free Total 
H.C., Sept. 7 a-Amino N 4.45 | 5.22 
Alanine “ 0.57 | 0.69 
a-Amino “‘ 4.22 | 5.12 
4.42 | 5.12 | 4.39 | 5.01 | 4.54 | 5.07 
4.10 | 5.16 5.27 | 4.07 | 4.93 
Jan. 14 sa se 4.30 | 6.47 6.79 
= 4.11 | 4.76 
T. R. si sis 4.72 | 6.08 | 4.63 6.09 
D. J. bi ig 4.67 | 5.18 | 4.75 | 5.23 
Glycine ‘‘ 0.28 | 0.33 | 0.24 | 0.34 
Re y a-Amino ‘ 4.25 | 6.49 5.73 
Glycine ‘‘ 0.29 | 0.35 0.31 
a-Amino “‘ 4.70 5.23 


0.1 to 2.2 mg. per cent and averaged 0.9 mg. per cent (standard deviation 
0.44) (Tables III and IV). The concentration of combined amino acids 
evidently is subject to a much larger degree of variation than is the con- 
centration of free amino acids (21, 28). The bound 2-amino nitrogen 
concentration has proved more responsive to changes in protein metabolism 
than the free a-amino nitrogen.?. There was usually little if any difference 
between the total a-amino nitrogen of trichloroacetic and tungstic acid 
filtrates (or of ultrafiltrates) of normal plasmas (Tables III and IV), although 
considerable differences occurred with diseased individuals? and in analyses 
of serum and erythrocytes. The fact that this “polypeptide” fraction of 
plasma was usually small or absent, but large in experimental or path- 
ological conditions,? indicates that the substances involved in each of the 


2 Unpublished results, Christensen and Lynch. 
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two categories of combined amino acids are mainly different molecular 


species. 


TABLE IV 


Free and Combined Amino Acids of Human Plasma and Serum 
The values are given in mg. per cent. 


On the other hand, with normal erythrocytes the analytical 


| Tungstic acid filtrate eats 
Subject and date Determination Free Total Teta! 
5s Plasma | Serum | Plasma | Serum | Plasma | Serum 
H. C., Dec. 20 a-Amino N 4.50 4.40 | 5.20 | 5.05 7.46 
Glycine ‘‘ 0.29 | 0.28 0.34 | 0.33 0.54 
Alanine ‘‘ 0.38 | 0.35 0.48 | 0.44 
a-Amino ‘‘ 4.85 | 4.98 5.27 | 5.50 5.33 7.01 
Alanine ‘‘ 0.62 | 0.63 0.63 | 0.63 0.83 
«Jan. 21 a-Amino “ 4.66 | 5.24 5.73 5.76 
Glycine ‘‘ 0.37 0.43 0.42 
‘Feb. 8 a-Amino 4.68 | 5.47 5.58 
Glycine ‘‘ 0.32 0.41 0.44 
Alanine ‘‘ 0.50 0.69 
a a-Amino 5.06 5.18 5.76 5.85 
5.32T 6.07T 7.07f 
J. M.* 5.2 5.2 6.03 9.00 
4.9f 9.78} 13.8] 
D. W., Jan. 17 sce Ha as 4.40 | 4.39 5.83 | 5.80 5.79 
Glycine ‘‘ 0.30 0.37 0.38 
a-Amino ‘‘ 4.41 | 4.52 5.20 5.10 
3.93 | 4.33 4.36 §.27 
Glycine ‘* 0.31 0.42 
H. B a-Amino ‘ 4.92 | 5.04 5.02 5.84 
5.10t 
Glycine ‘“ 0.32 0.39 0.40 
Alanine ‘ 0.57 0.71 0.67 
D. J. a-Amino “‘ 4.10 | 4.38 5.10 | 5.39 6.29 7.44 
4.11§ 4.30§ 


* Serum by recalcification of oxalated plasma. 
t Fibrin clot left undisturbed 3 hours. 
t ‘Chloroform serum,’’ Tagnon (26). 

§ Analysis without deproteinization, MacFadyen (27). 


differences observed with the two filtrates were due largely to a variation 


in the extent of the precipitation of glutathione (see below). | 
Of the non-protein alanine and glycine of plasma, 16 and 18 per cent 


respectively were as an average in combined form, compared with 17 per 


cent of the total a-amino nitrogen. 


This similarity of partition as to free 
and combined state failed to suggest the presence of specialized structures 
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among plasma peptides, as contrasted with erythrocyte peptides. The 
normal fasting levels of these two amino acids showed a constancy similar 
to that of the a-amino acids (glycine nitrogen, average 0.31 mg. per cent, 
s.D. = 0.026; alanine nitrogen, average 0.54 mg. per cent, s.D. = 0.08). 

Erythrocytes—Analysis of erythrocyte filtrates emphasized the major 
influence of glutathione on the picture obtained here. Bound glycine was 
about 40 to 50 times as great as in the plasma. Glutathione should con- 
tribute, per molecule, 1 bound glycine molecule and 1 free and 2 bound 
a-amino nitrogen atoms. Analysis confirmed this assumption, the ratio of 
total to free a-amino nitrogen found for glutathione (obtained from the 
Eastman Kodak Company) being 2.95. Assuming that all the bound 
glycine oi the red blood cells represents glutathione, one can calculate 
‘“non-glutathione” free and bound a-amino nitrogen. The free a-amino 
nitrogen values so obtained (Table III) were similar to those of simul- 
taneous plasma samples, while the corrected bound a-amino nitrogen values 
were slightly in excess of the values for plasma. This represents good evi- 
dence that the free amino acids of blood are rather evenly distributed 
between cells and plasma, and indicates that the peptide nitrogen (other 
than that due to glutathione) has a similar concentration in the two phases. 

Danielson (29) pointed out the large contribution of glutathione to the 
amino acid nitrogen of erythrocytes and he attempted to escape this in- 
terference by preparing “unlaked” tungstic acid filtrates of erythrocytes 
and blood. Using his modification of the Folin colorimetric method (29), 
he concluded that erythrocytes of normal young men contained from 
0.34 to 2.19 mg. per cent of amino nitrogen with an average of 1.04 mg. per 
cent. Even lower values were reported for young women. Dunn et al. 
(24) reported an analysis of the tryptophane content of a tungstic acid 
filtrate of unwashed erythrocytes which was about one-fourth the con- 
centration observed in plasma. Hamilton and Van Slyke (21) found 
6.5 to 9.6 mg. per cent of a-amino nitrogen in erythrocytes, deproteinizing 
by picric acid. From these latter data, one sees that even if all the gluta- 
thione is recovered in picric acid filtrates, the free amino acids of erythro- 
cytes can scarcely be appreciably lower than those of plasma. Our meas- 
urement of bound glycine has permitted an evaluation of the maximum 
contribution of glutathione to the amino acid values (free and bound) for 
erythrocyte filtrates. This contribution of glutathione has probably 
been overestimated previously; glutathione was not only incompletely 
but rather irregularly recovered in tungstic acid filtrates, thus probably 
explaining irregularities in amino acid contents found for erythrocyte 
filtrates by tungstic acid. (See, for example, Folin and Berglund (30).) 

Neither tungstic acid nor trichloroacetic acid filtrates revealed as much 
bound glycine as was to be expected from the values usually found for 
human erythrocyte glutathione (Table V), whereas a 2 per cent sulfosali- 
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cylic acid filtrate (31), recommended for the determination of glutathione, 
showed bound glycine equivalent to 69 mg. per cent of erythrocyte gluta- 
thione. It has been recognized that trichloroacetic acid causes precip- 
itation of part of the glutathione, although it was not clear whether losses 
with tungstic acid were due to precipitation or to autoxidation of gluta- 
thione (31). Measurement of the bound erythrocyte glycine in sulfosali- 
eylic acid filtrates presents a simple measurement of total glutathione, 
unaffected by autoxidation of glutathione or by spontaneous splitting 
of glutamic acid from glutathione. If one assumes that the non-gluta- 


TABLE V 
a-Amino Acids, Free and Combined, of Erythrocytes (Mg. Per Cent) 


Tungstic acid filtrate Trichloroacetic acid filtrate 
Subject Determination Non-glutathione® Noa- 
Free | Bound Free Bound glutathione® 


Free Bound Free | Bound 


D. J. a-Amino N 


08 5.75f 1.4lf 
Glycine | 


vr 


R. P. a-Amino “ | 6.79 | 6.31 | 4.42$ 1.573 4.45 2.03 
Glycine | 0.34 | 2.37 
Alanine ‘‘ 0.57 | 0.00 | 
H.C. a-Amino | 5.39 | 4.75§$ 0.93§ 
Glycine 60.37 | 2.23]] | 
Alanine ‘ 0.3 | 0.2 


| 


* Calculated under the assumption that the bound glycine is all due to glutathione. 

+ Simultaneous plasma free amino acid N = 4.85 mg. per cent; bound ‘trichlore- 
acetic acid filtrate), 0.38 mg. per cent. 

¢{ Simultaneous plasma free amino acid N = 4.35 mg. per cent; bound (tungstic 
acid filtrate), 1.14 mg. per cent. 

§ Simultaneous plasma free amino acid N = 4.60 mg. per cent; bound, 0.00 mg. 
per cent. 

|| Analysis of the sulfosalicylic acid filtrate showed 3.10 mg. per cent of bound 
glycine N in this erythrocyte sample. ’ 


thione bound glycine of erythrocytes is the same as that of the plasma, a 
correction of about 0.06 mg. per cent of glycine nitrogen, or about 2 per cent 
of the total glutathione, should be deducted. The necessity of this as- 
sumption, which appears to be approximately correct, represents the 
flaw in this method for glutathione. 

Changes Produced by Blood Coagulation—MacFadyen (27) observed that 
serum contained as much as 10 to 40 per cent more a-amino nitrogen than 
did plasma. We have also observed differences, although in only two of 
eleven cases were they as high as 10 per cent (Table IV). MacFadyen’s 
analyses were made upon undeproteinized plasma and serum, ours upon 


ar 
it, 
3). 
or 
as 
nd 
of 
he 
no 
les 
| 
| 
es. 3 
he 
In- | 
tes | 
per | 
al. | 
id | | 
nd | 
ta- | 
ro- 
as- | 
m 
for 
bly | : 
bly | 
yte 
4 
uch | 
for | 7 
| 


748 © CONJUGATION OF BLOOD AMINO ACIDS 


tungstic acid filtrates (in one case upon trichloroacetic acid filtrates also), 
However, deproteinization did not appear to reduce the difference, as in- 
dicated by the analyses upon one blood (D. J., Table IV). Our data sug- 
gest that the continued contact with the fibrin clot is involved in the re- 
lease of a-amino groups. A quartitatively larger change observed by us 
upon coagulation was the appearance of 1 to S mg. per cent of ‘‘polypeptide” 
nitrogen, with little or no change in the combined amino acids of the 
tungstic acid filtrate. The formation of this ‘‘polypeptide” fraction as a 
product of coagulation indicates that defibrinated blood or serum (Table J) 
should not be used for estimating combined, non-protein, amino acids of 
circulating blood. Glycine and alanine appeared to make up about 9 and 
17 per cent of the ‘“‘polypeptide” a-amino nitrogen formed in coagulation. 

To compare the proteolytic activity observed in coagulation with the 
fibrinolytic activity studied by Tagnon (26) ‘‘chloroform serum” was 
prepared according to this author. A still higher concentration of com- 
bined amino acids in both filtrates (Table IV) was observed, although no 
free a-amino acids were released. 


EXPERIMENTAL 


Blood Samples—The subjects were normal young adults, E. L. and 
D. J. being young women. The samples were taken in the morning, no 
food having been taken during the preceding 12 hours. Blood was im- 
mediately heparinized® after being drawn from a cubital vein, except when 


the composition of serum and plasma was under comparison. In this case, — 


either of two techniques was used: (a) A portion of the mixed blood was 
heparinized, while another portion was permitted to coagulate in the 
presence of the cells and the serum separated within 15 minutes, or in the 
absence of cells, separated by centrifuging in a paraffin-lined tube; or (0) 
28 ml. of blood were collected in a syringe containing 2 ml. of 3 per cent 
sodium oxalate; a portion of the plasma obtained was recalcified. The 
dilution of the plasma was calculated by measuring its volume after cen- 


trifugation. In either case the serum was left 3 hours at room temperature — 
before analysis. Except as indicated in Table IV, the fibrin clot was _ 
removed when coagulation was complete. Plasma and cells were separated — 


at once by 15 minutes centrifugation at about 3000 r.p.m. After removal 
of the plasma, both plasma and cells were recentrifuged. 
Deproteinization—Tungstic acid filtrates were prepared by the addition 
to plasma of 4 volumes of water and 5 volumes of freshly mixed sulfuric 
acid and sodium tungstate (32). Erythrocytes were treated with 16 vol- 
umes of the same tungstic acid solution. The determinations of a-amino 
nitrogen were begun within 2 hours to guard against loss of glutamine 


3’ Heparin was obtained from the Connaught Laboratories, the University of 
Toronto. 
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(25). 2.5 per cent trichloroacetic acid filtrates were made according to 
Hiller and Van Slyke (5) with freshly prepared 5 per cent trichloroacetic 
acid, adjusted alkalimetrically to strength. 

Hamilton and Van Slyke (21) noted that determination of a-amino acids 
in trichloroacetic acid filtrates presented difficulties: because of the for- 
mation of carbon dioxide from the deproteinizing agent. We found that, 
if such a filtrate promptly was acidified to 0.2 N with hydrochloric acid and 
extracted painstakingly four times with equal volumes of ether, freshly 
rendered peroxide-free, and then brought to dryness in vacuo below room 
temperature, the a-amino nitrogen was brought to a minimum value quite 
similar to that found in the tungstic acid filtrate (Tabie III). The resultant 
material was hydrolyzed as described above. In most cases we determined 
only the “‘total” concentrations of trichloroacetic acid filtrates, analyzing 
only the hydrolysates. Ultrafiltrates were prepared in the Lavietes ul- 
trafilter (33). 

Analytical Methods—a-Amino nitrogen was determined in blood filtrates 
and in hydrolysates of them by the use of ninhydrin, according to the 
method of Hamilton and Van Slyke (21), with a citrate buffer of pH 2.5, 


and a hydrazine-containing (34) sodium hydroxide solution made up in 


25 per cent sodium chloride solution, for the primary absorption of carbon 
dioxide. The conversion factors of MacFadyen (27) were employed in the 


calculations. Analyses were performed at least in duplicate, and these - 


usually differed by less than 1.5 per cent. To enhance the precision the 
aliquot portions were kept as large as possible (representing from 0.6 to 
1.5 ml. of plasma, cells, or serum). This was managed by analyzing con- 
centrates prepared from the filtrates. The probable error of the estimation 
of the bound a-amino nitrogen could thus be kept below 0.1 mg. per cent. 
Interference by urea was avoided as described by Hamilton and Van Slyke 
(21) by incubating samples with excess ninhydrin. This step was omitted 
with hydrolyzed samples which contained little urea. 

Glycine was determined by measuring the formaldehyde formed by 
ninhydrin, as described by Alexander, Landwehr, and Seligman (35). 
Blanks were run under each set of conditions to guard against the presence 
of significant quantities of preformed formaldehyde. Alanine was de- 
termined by measuring the acetaldehyde according to Alexander and 
Seligman (36) with the modification that the reaction mixture was boiled 
30 minutes with aeration of the refluxing vapors before ninhydrin was 
added to eliminate interference by aldehydes formed without the action of 
ninhydrin. Certain manipulations introduced interference of this type. 
Rather than attempt to avoid interference by leucine by adding sulfuric 
acid in the color development at a higher temperature, as suggested by 
Alexander and Seligman, we have evaluated this interference by determin- 
ing the optical densities spectrophotometrically at both 540 and 580 mu. 
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At the latter wave-length 6.3 times as much leucine nitrogen as alanine 
nitrogen were required to produce a given density. The per cent of the 
optical density which was due to alanine nitrogen was estimated from the 
ratio of the optical densities at 540 and 580 mu. From 75 to 90 per cent of the 
color was due to alanine. With these two methods the duplicate deter- 
minations in nearly all cases differed by less than 4 per cent for glycine and 
6 per cent for alanine and added glycine and alanine could be recovered. 

Hydrolysis—Preliminary experiments indicated that 2 molecules of 
a-amino nitrogen could be recovered from glycylleucine hydrolyzed in 
4n hvdrochloric acid 24 hours at 100° in the presence of tungstie acid and 
urea, and in tungstic acid filtrates of plasma. Comparisons were made of 
a-amino nitrogen recoveries after hydrolysis of tungstie acid filtrates of 
plasma ‘(concentrated in vacuo to about the original volume of the 
plasma) in 4 N hydrochloric acid: (a) at 100° in sealed tubes for periods from 
6 to 48 hours; (6) under the same conditions but with a nitrogen atmosphere; 


(c) at 110° in sealed tubes; (d) refluxed 24 hours on a Woods metal bath; 


and in 2 N and 4w carbon dioxide-low sodium hydroxide for 24 hours at 
100° in sealed Corning alkali-resistant glass tubes. The hydrolysates 
were adjusted to about pH 2, thymol blue being used as indicator, before 
analysis. 

From the results (Table II) the following conditions of hydrolysis were 


selected. To a concentrated blood filtrate in a test-tube was added one- , 
half its volume of 12 N hydrochloric acid. The tube was sealed in a flame | 
(merely for convenience), and suspended for 24 hours in a flask of water | 


boiling under a reflux condenser. The hydrolysate was taken to dryness 
in vacuo, water added, and the evaporation repeated. The hydrolysate 
then was made to volume for the various analyses. 


SUMMARY 


The plasma of young adults was found to contain from 0.1 to 2.2 mg. 
per cent (average 0.9 mg. per cent, s.D. = 0.44) of combined “non-protein” 
a-amino nitrogen, measured by the increase in a-amino nitrogen produced 


by acid hydrolysis, with in most cases little difference whether filtrates were _ 


prepared by tungstie acid or by 2.5 per cent trichloroacetic acid or by 


ultrafiltration. Alanine and glycine contributed to the bound amino acids © 


in about the same proportion as to the free. 

Clotting of plasma produced not only small and variable increases in 
free a-amino nitrogen but larger increases (1 to 3 mg. per cent) in bound 
amino acids precipitated by tungstic acid but not by dilute trichloroacetic 
acid. This latter new fraction contained about 9 and 17 per cent of its 
a-amino nitrogen as glycine and alanine, respectively. 

The evaluation of the contribution of glutathione to the free and bound 
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amino acids of erythrocyte filtrates, as well as an estimation of glutathione, 
was attained by determining bound glycine. By this means it was shown 
that human erythrocytes contain concentrations of free a-amino acids 
similar to those of plasma, and slightly more of combined amino acids, 
excluding glutathione. 
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THE SPECTROPHOTOMETRIC ESTIMATION OF HEXURO- 
NATES (EXPRESSED AS GLUCURONIC ACID) IN 
PLASMA OR SERUM 


By W. B. DEICHMANN anno MARJORIE DIERKER 


(From the Kettering Laboratory of Applied Physiology, College of Medicine, University 
of Cincinnati, Cincinnati) 


(Received for publication, January 25, 1946) 


Tests with galacturonic acid! have shown that this compound reacts 
quantitatively with the naphthoresorcinol color reagent, much like glucu- 
ronic acid. ‘This was to be expected. It may also be anticipated that this 
reagent will react with other 6-carbon uronic acids which may be available 
in the body for conjugation from time totime. It is for this reason that the 
use of the term ‘“‘hexuronates”’ (instead of glucuronates) is recommended, 
whenever doubt exists as to the uronic acid available. 

Quantitative estimations of glucuronic acid in the urine of men and ani- 
mals have been found to be of value in determining the extent of the absorp- 
tion of certain types of compounds that conjugate in the body with glucu- 
ronic acid and that consequently lead to an increased urinary excretion of 
glucuronates. The determination of these compounds in blood has ap- 
parently not been attempted, except by Ratish and Bullowa (1), who 
removed proteins from whole blood and continued the analysis of the fil- 
trate essentially as outlined for urine by Maughan, Evelyn, and Browne 
(2). 

Principle of Estimation—The analytical procedure given here is a modi- 
fication of our method previously described for the estimation of glucu- 
ronates in urine (3). The method determines glucuronates (or hexuronates 
expressed as glucuronic acid) in plasma or serum without preliminary re- 
moval of proteins or glucose. The analysis is based upon (a) preliminary 
hydrolysis of the acidified sample at 75° (which makes a large amount of 
free glucuronic acid ready for immediate reaction when the color reagent 
is added); (b) addition of an excess of naphthoresorcinol (sufficient to 
react with the impurities, proteins, glucose, etc., and with glucuronic acid) ; 
(c) heating of the plasma-naphthoresorcinol-hydrochloric acid mixture at 
50° (in our hands, heating to higher temperatures has not only caused loss 


of glucuronic acid but also has favored the formation of other compounds > 


that react with naphthoresorcinol) ; (d) extraction of the pigment with ether; 


and (e) determination of the density of the colored ether solution at wave-. 


length 570 mu. 


' The galacturonic acid was kindly supplied by the Research Department of the 
California Fruit Growers Exchange, Corona Laboratory, Corona, California. 
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Since naphthoresorcinol is used as the color reagent, the possibility cannot 
be overlooked that compounds closely related to hexuronates, and reacting 
similarly, may be reported as glucuronic acid. However, despite the non. | 
specificity of this reagent, the method lays claim to a considerable degree | 
‘of accuracy, as judged by the recovery of quantities ranging from 2 to 
100 y of glucuronic acid that were added to samples of plasma. 
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MICROGRAMS OF GLUOURONIO ACID 
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Fic. 1. Relationship between density of color at 570 mu and concentration of 
hexuronates, expressed as glucuronic acid. 


Reagents Required— 

Hydrochloric acid (38 gm. in 100 ml.). 

Hydrochloric acid (19 gm. in 100 ml.). 

Naphthoresorcinol? (10 gm. in 100 ml. of 95 per cent ethyl alcohol). This — 
reagent is centrifuged or filtered and will remain stable for 5 days if kept 
cool and protected from light. 

Ether, c.p. 
Method of Analysis—O.2 ml. to 1 ml. of plasma or serum is diluted with 
water to 1.8 ml. in a glass-stoppered 50 ml. graduated cylinder, and 0.2 nl. 
of 19 per cent hydrochloric acid is added. The whole is kept for 45 minutes | 


2 Purchased from B. L. Lemke, 248 West Broadway, New York, New York. 
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TaBLe 
Recovery of Glucuronic Acid Added to Rabbit Plasma 


Glucuronic | 


acid in 


plasma 
analyzed 


| quantities of | analyzed 
| glucuronic acid | 
| 


Borneo! glucu- 


equivalent to ronic aci 
volume of | 


ronate added Total glucu- 
d natal eecr Volume of plasma analyzed and range over which 
recovered method is expected to give satisfactory recovery 


following in sample 


Plasma containing about 150 mg.% glucose 


wor 
or | 


Domooo 


Y 
2.0 7.7. 7.3 | 1.0ml.samples plasma, containing about 
2.0 11.0 | 10.8 | 150 mg. % glucose and from 0 to 40 + 
4.6 4.6 5.0 | glucuronic acid 
4.6 | 4.6 4.2 
7.0 7.0 7.0 
7.0 7.0 8.0 
8.4 15.9 14.8 

40.0 40.0 39.0 

45.0 49.0 44.0 

45.0 49.0 40.0 

71.0 | 74.0 70.0 

83.3 90.8 68.3 

134.0 137.0 126.0 

177.0 182.0 157.0 
2.0 | 3.0 4.0 0.5 ml. samples plasma, containing about 
2.0 | 3.0 2.7 150 mg.% glucose_and from 0 to 50 y 
4.6 8.7 | glucuronic acid 

32.0 35.5 37.5 | 

46.4 | 47.1 | 46.4 

46.4 | 49.9 7.0 

65.0 | 67.5 56.3 

92.8 76.5 

92.8 95.5 72.0 


2.0 2.0 2.6 0.2 ml. samples plasma, containing about 
2.0 fo 1.5 150 mg.% glucose and from 0 to 100 y 
4.5 glucuronic acid 
2.0 | 4.0 6.0 
6.5 
9.2 
62.0 | 63.0 63.5 
62.0 62.2 55.0 
92.8 95.3 91.3 
92.8 96.5 92.5 
87.5 89.1 90.0 
105.0 105.0 108 .0 
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TABLE I—Concluded 


Gtacavenic Borneo! glucu- 
plasms following in method is expected to give satisfactory recovery 
| of, | analyze 
Plasma containing about 250 mg.% glucose 
Y Y Y 
1.0 4.6 5.6 6.0 0.5 ml. samples plasma, containing about 
2.7 4.6 7.3 8.0 250 mg.% glucose and from 0 to 25 
2.3 21.8 24.1 24.6 glucuronic acid 
3.0 21.8 24.8 26.5 
4.2 21.8 26.0 21.3 
2.3 40.5 42.8 34.5 
2.5 40.5 43.0 30.3 
1.4 + 4.4 5.8 5.0 0.2 ml. samples plasma, containing about 
1.4 4.6 6.0 5.5 250 mg.% glucose and from 0 to 50 y 
2.2 41.0 42.2 43.0 glucuronic acid 
2.2 48.0 50.2 49.0 
1.4 92.8 94.2 86.0 
2.2 92.8 | 95.0 | 83.0 


in a water bath at 75°; 2.0 ml. of concentrated hydrochloric acid and 1.0 ml. 
of 10 per cent naphthoresorcinol are then added, and the cylinder, as well 
as a similarly prepared blank (which contains the reagents, but water 
instead of the plasma), are allowed to stand for 90 minutes in a water bath 
maintained at 50°. After cooling under the tap, each of the solutions is 
extracted in the cylinder with about 8 ml. of ether by shaking vigorously 
for about 5 seconds. After separation in two layers, an additional 5 ml. 
of ether are added to each cylinder and the upper layer is mixed by gentle 
rotation. After a third portion of the solvent has been added to each 
cylinder, sufficient to bring the total volume of ether to exactly 15 ml., the 
total ether extract is again mixed in a similar manner. Addition of the 
second and third portions of ether and letting the solutions stand for about 
3 minutes after each addition of ether will completely clear up any tur- 
bidity caused by water in the upper layer. 

Colorimetric Reading—The colored ether is now pipetted into a glass- 
stoppered flask (dried immediately before use by alcohol and ether) and 1s 
ready for spectrophotometric analysis, which is carried out by using 10 mm. 
matched cells, with the instrument set at the wave-length 570 my. The 
experimental ether extract is compared with that obtained from the blank. 

Fig. 1 gives the relationship between density of color and concentration 
of glucuronic acid (or hexuronates expressed as glucuronic acid) in the 
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sample of plasma or serum analyzed. ‘The final results are expressed in mg. 
per 100 ml. of plasma or serum, respectively. 
plotting the readings obtained when known aqueous solutions of pure 


TaB_Le II 
Distribution of Hexuronates (Expressed As Glucuronic Acid) in Cells, Plasma, or 


(Fig. 1 was prepared by 


Serum of Normal (Control) Human Subjects, Rabbits, and Rats 


| Red blood cells Plasma Serum 
ee me. per 100 mil. mg. per 100 ml. me. per 100 mil. 
H.S. 0.9 1.2 1.3 
B. R. 0 0.6 0.6 
C.K. 0 0.6 0.6 
M.D. 0 0.5 0.6 
Ss. W. 0 0.6 0.5 
H. 8. 0 0.4 0.4 
W.D. ° 0.6 0.9 0.9 
R. C. 0.8 
1.0 0.7 
C. L. 1.5 0.8 
8. W. 2.0 1.4 1.4 
Rabbit 1 0.4 1.5 
2 1.9 1.5 
o 3 1.6 2.2 2.2 
was 4 1.6 2.6 2.5 
0.8 0.8 0.8 
6 1.3 2.5 
3 7 1.1 1.9 
Si 8 0.8 1.0 
0 0.6 
10 0.4 0.9 
i 11 0 0.5 
a 12 0.8 1.8 
Rat 1 0 0.7 
0.7 0.8 
0 0.7 
0 0.8 
0.5 1.1 
rae 1.0 1.0 
ee 0.5 1.1 


glucuronic acid or of borneol or menthy] glucuronate* were analyzed by 


this procedure. ) 


The mentholglucuronic acid was prepared and kindly supplied by Dr. Armand 
J. Quick of Marquette University School of Medicine; the borneolglucuronic acid 
ester was purchased from the Fordomes Trading Company, Arlington, New Jersey ; 
and the glucuronic acid was kindly supplied for these observations by J. R. Harrower 


of the University of Wisconsin. 
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Certain Practical Considerations—In observations not reported here, 
samples of 1.0 ml. of plasma or serum have given satisfactory results when 
routine specimens were checked for possible increases in glucuronic acid 
content. A volume of 0.2 ml. was generally adopted for analysis after 


TaBLeE III 


Distribution of Hexruronates (Expressed As Glucuronic Acid) in Cells, Plasma, or 
Serum of Rabbits and Rats after One Oral Administration of Cyclohexanone 


Red blood cells | Plasma | | Serum 
me. per 100 ml. | me. per 100 mi. | me. per 100 mi. 
Rabbit* 1 2.0 | 8.5 8.2 
rt 2 2.8 31.1 | 28.3 
3 0.9 13.9 13.9 
4 0.9 18.9 20.0 
5 0 20.0 20. 2” 
6 0 8.1 
7 1.0 19.3 19.8 
i7.3 16.7 
9 1.3 5.7 
10 0.7 12.0 
ll Q.2 5.3 
12 0.3 6.9 
13 | 0 8.0 
ay 14 | 0.6 10.8 
Rat* 1 | 0 3.0 
| 0 2.1 
0.5 2.4 
Lye | 1.2 7.5 
| 1.0 4.4 
| 1.0 4.4 
| 0 
og | 0.9 | 7.8 
mia | 0 | 6.4 
see 0.8 | 6.6 
0 | 7.0 
0.4 | 8.2 | 
13 0.7 | 7.9 


* Each rabbit was given 2 ml. and each rat 0.4 ml. of cyclohexanone per kilo of 
body weight. Blood samples were drawn about 2} hours after medication. 


compounds known to induce an increase of glucuronic acid in the blood 
had been administered to experimental animals. 

Running a blank and comparison of the experimental ether extract with 
that obtained from a blank will tend to eliminate errors introduced by 
variations in the purity of naphthoresorcinol. This modification was 
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deemed essential because of the much smaller quantities of glucuronic acid 
encountered in specimens of plasma than in those of urine. 

The ether extract (after removal from the hydrochloric acid solution) is 
stable for about 1 hour if protected from direct sunlight. 

Hemolysis, if present, will interfere and give false high values. A con- 
stituent of the red blood cell reacts with the naphthoresorcinol-hydro- 
chloric acid mixture and forms a brown ether-soluble pigment. 

3 days standing at 5° or at 25° did not induce loss of hexuronates in 
samples of plasma obtained from rabbits given cyclohexanol. 


TaBLeE IV 


Hexuronaies (Expressed As Glucuronic Acid) in Plasma and Urine of Rabbits after 
One Oral Dose of Cyclohexanone or 2-Methyl-2,4-pentanediol 


Rabbit D 3363,* dose 0.8 Rabbit D 3364,° dose (Rabbit D 3365,' dose 
stration of 
compound 

Plasma Urine Plasma | Urine Plasma | Urine Plasma | Urine 
me. 100 total mg. per 100 lew. per total per 100 me. per 
1 7 150 20 7% | 2 
2 15 | 200 39 Iz | 3 330 
3 11 | SO Is | 148 SS 265 42 a 
4 5 65 34 267 67 365 43 wo 
5 5 60 26 “4 345 43 660 
6 4 40 27 MoO 
7 3 45 19 12 400 1S 410 
12 2 20 | 91 
14 1 10 
24 1 20 1 | 340 5 1740 3 ~* 
Total excreted... 780 | S47 3617 
* Survived. 


t Died 26 hours after oral administration. 


EXPERIMENTAL 


Table 1 summarizes the recovery of glucuronic acid added to plasma. 
(The concentration of glucose in these samples of plasma was increased to a 
level of approximately 150 or 250 mg. per cent, respectively.) The lati- 
tudes over which the method is expected to give dependable results are 
indicated. Over these specific ranges the recoveries of glucuronic acid 
have been satisfactory in the presence of proteins and elevated concentra. 
tions of glucose. Table II gives the distribution of hexuronates (expressed 
as glucuronic acid) in red blood cells and in plasma or serum of blood 
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obtained from healthy (untreated) experimental subjects, rabbits, and rats, 
(The cells were washed three times with 0.9 per cent aqueous sodium chlo- 
ride, subsequentiy hemolyzed with water, and the proteins precipitated 
with 10 per cent aqueous sodium tungstate and } N sulfuric acid. The 
filtrate analyzed was equivalent to about 0.2 ml. of cells.) The figures 
show that, with a few isolated exceptions, Hexuronic acids are normally 
present primarily in the fluid part of blood. ‘Table II] summarizes similar 
data after oral administration of cyclohexanone. Interestingly enough, 
increases in glucuronic acid values were found only in plasma or serum. 
Table IV summarizes data on the concentration of hexuronates (expressed 
as glucuronic acid) in the plasma of rabbits and the quantities excreted in 
the urine of these animals after administration of cyclohexanone and 2- 
methyl-2 ,4-pentanediol. The figures indicate that estimations of glucu- 
ronic acid in either plasma or urine lend themselves for study of the rate 
of absorption or the metabolism of a compound that conjugates in the body 
with a uronic acid. } 


SUMMARY 


1. A photoelectric procedure is presented for the estimation of hexuron- 
ates expressed as glucuronic acid in plasma or serum without preliminary 
removal of ordinarily interfering compounds (proteins, glucose, etc.). The 
principle employed is similar to that utilized for the estimation of glucu- 
ronic acid in urine, which was reported earlier. 

2. The greater portion of the hexuronates normally found in blood is 
present in the plasma or serum. Values found for untreated experimental 
subjects, rabbits, and rats, in terms of glucuronic acid, ranged from 0.4 to 
2.5 mg. per 100 ml. of plasma. 

3. Analysis of plasma or serum is recommended for the study of the 
rate of absorption or the metabolism of a compound that conjugates in the 
bddy with a hexuronic acid. The administration of cyclohexanone or 2- 
methyl-2 ,4-pentanediol to rabbits or rats induced no change in glucuronic 
acid values in the cellular fraction of blood, while increases of hexuronates 
in plasma were significant (up to 120 mg. of glucuronic acid per 100 ml.) 
and in direct relation to the quantities of hexuronates excreted in the urine. 
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THE THIOUREA ANALOGUE OF DESTHIOBIOTIN 


By GEORGE BOSWORTH BROWN anv VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, March 8, 1946) 


Desthiobiotin (1), in which the tetrahydrothiophene 
O 


C 
N 


HN H 


| 
CH;— CH—— CH—(CH:);—-COOH 
(1) 


ring of biotin has been cleaved by removal of the sulfur but in which the 
imidazolidone ring remains unaltered, possesses approximately the same 
yeast growth-promoting activity as biotin (1). It also shows a strong 
antibiotin activity with Lactobacillus casei (2,3). Various compounds have 
been prepared in which the carbon skeleton of desthiobiotin is altered but 
in which the imidazolidone ring is not changed. Certain of these compounds 
are definite antibiotins (4, 5). 

As a step toward ascertaining the effect of alteration of the imidazolidone 
portion of the molecule while retaining the carbon skeleton of desthiobiotin, 
we have prepared the thiourea analogue of desthiobiotin (I1). 


C 
N NI 


H | 


| | 
OOH 
(11) 


This analogue, 5-methy]-2-thiono-4-imidazolidinecaproic acid, was prepared 
from ethy] ¢, n-diaminopelargonate by the action of carbon disulfide followed 
by heating to form the thiourea. The synthetic product was a mixture of 
the diastereoisomers. ‘The separation of one of the optically inactive di- 
astereoisomers from the initial mixture was accomplished by the fractiona- 
tion of the morpholine salts. Smaller amounts of this same isomer were 


Obtained by repeated recrystallization of the free acids from water. 
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Assay of samples of the mixed isomers showed a stimulation of the growth 
ot Saccharomyces cerevisiae (6, 7), Which is equivalent to an activity of 0.1 
to 0.2 per cent of that of biotin or of desthiobiotin. The purified isomer had 
an activity of 0.06 per cent that of desthiobiotin. This growth-promoting 
activity was inhibited by amounts of avidin equivalent to the thiourea 
analogue, showing that the avidin-combining power of the molecule has not 
been destroved by the substitution of the thiourea for the urea moiety. 

The thiourea analogue of desthiobiotin was also tested for inhibition of 
the growth of Lactobacillus casei by the procedure described (8). It was 
found to inhibit this organism, and this inhibition could be prevented by the 
addition of biotin. The molar inhibition ratio (4) was determined with an 
incubation period of 40 hours. For the mixed isomers of the thiourea 
analogue of desthiobiotin the molar inhibition ratio was found to be ap- 
proximately 600,000 and for the purified isomer 450,000. Since the ratio 
for desthiobiotin with Lactobacillus casei is 9100, the values represent 1.5 
and 2.0 per cent of the antibiotin activity of desthiobiotin for this organism. 

It is conceivable that a trace of desthiobiotin, resulting from the hydro- 
lytic removal of the sulfur from the thiourea grouping, could partially 
account for the activity. The fact that the isomer obtained by the repeated 
recrystallizations from hot water possessed approximately the same activity 
as the initial mixture of isomers indicates at the least that such a hydrolysis 
does not proceed readily. In addition, the biotin and antibiotin activities 
of the thiourea analogue do not represent the same proportions of the 
corresponding activities of desthiobiotin, and it is more than probable that 
the antibiotin activity is an intrinsic activity of the molecule. 

In order to show that the samples of the svnthetic diaminopelargonic 
acid from which the thiourea analogue of desthiobiotin was prepared con- 
tained appreciable amounts of the isomer corresponding to the natural 
desthiobiotin and biotin, the synthesis of desthiobiotin was carried out. 
With conditions similar to those used for the resynthesis of natural desthio- 
biotin from natural diaminopelargonic acid (9), an analytically pure sample 
of the mixed isomers was obtained in 50 per cent vield. The product 
possessed a growth-promoting activity for Saccharomyces cerevisiae of 25 
per cent that of biotin. It was similar to the mixture prepared by the 
method of Wood and du Vigneaud (10) and is undoubtedly a mixture of 
dl-desthiobiotin (11, 12) and dl-desthioallobiotin (12). 


EXPERIMENTAL 


| 
Ethyl n -Oxopelargonate—The alkylation of 104 gm. of ethyl acetoacetate 


with 176 gm. of ethyl «bromocaproate (13) was carried out as described 
(14). The product was saponified in cold 5 per cent aqueous NaOH rather 
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than in diethylene glycol solution, as previously deseribed. The crude 
ester, after distillation of the ethanol, was added to 1400 ec. of cold 5 per 
eent NaOH and the mixture was stirred vigorously. After 15 hours the 
alkali-insoluble material was separated. The solution was acidified with 
45 ee. of concentrated H.SO,, stirred for 2 hours, and heated om the steam 
cone for an additional 2 hours. The solution was extracted three tomes 
with ether and the extracts were concentrated. 

The 180 gm. of crude n-oxopelargonic acid were esterified by for 
4 hours with 600 ec. of ethanol and 30 cc. of concentrated HAO) The 
solution was concentrated, washed with water, and distilled, vieldime 10* 
gm., boiling at 113-115° at 2 mm., and representing 68 per cent of the 
theoretical vield. 

The 2,4-dinitrophenylhydrazone was prepared. I[t was 
from 90 per cent ethanol and melted at 94-95°' 


(880.4). Calculated, N 14.74; found, 14.79 


Ethyl ¢,n-Diaminopelargonaie—20 gm. portions of kete ester were 
converted to the dioximino ester by the procedure deserthed (14. \iter 


two recrystallizations from methanol-water, the crude mixture of memeere 


dioximes was obtained in 50 to 75 per cent yield. These aumplee melted 
in the range of 90-105° and several more recrystallizations, entailing beers 
of 50 per cent or more, were required to obtain the materal melee ef 
107-108°. 

The reduction (14) to the ethyl diaminopelargonate Was carmed oof o© 
107-108° samples and on lower melting samples of the diesameies ester 
Samples of the crystalline ethyl ¢, 7-diaminopelargonate sulfate prepared 
from either reduction product were identical. The reduetion of the lower 
melting mixture of isomeric dioximes is markedly advantageous from the 
standpoint of over-all yield. 

Preparation of Thiourea Analogue of Desthiolnotin 
imidazolidinecaproic Acid—The 7 gm. of ethyl 
obtained by the reduction of 8 gm. of the dioximino ester were dred over 
phosphorus pentoxide to remove the last traces of ammonia. [f Wae thee 
dissolved in 25 cc. of methanol, and 25 cc. of carbon disulfide were ecetec 
The first few drops caused some evolution of heat and the formetrom of « 
slight precipitate. The solution was warmed to 45-5)" and the exces 
carbon disulfide distilled. The evolution of HS began and comtmee 
slowly for 8 hours. At that time 50 cc. of 50 per cent methanol were agited 
and the heating was continued to expel the H.S completely. The seletiee 
was cooled, 10 ec. of 5 N NaOH were added, and the sapomiheation of the 


1 Melting points were determined on a micro melting point appfratus. 
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ester was allowed to proceed at room temperature overnight. The solution 
was filtered after the addition of Darco. It was acidified, heated to boiling 
with Darco, and again filtered. The product which crystallized upon 
cooling at 5° was recrystallized from 200 ec. of 15 per cent methanol. It 
amounted to 4.0 gm., representing 53 per cent of the theoretical yield. 
This mixture of isomers melted at 115-128°. After a second recrystalliza- 
tion, a sample was obtained which melted at 122—128° and possessed the 
following composition. 


CioHisO2N:8. Calculated. N 12.16, 8 13.92 
230.2 Found. 12.33, 13.80 


A product of the same melting point was obtained from ethyl! diamino- 
pelargonate, which had been regenerated from the crystalline sulfate. 

The mixed diastereoisomers of the thiourea analogue of desthiobiotin 
were fractionated by a series of eight to ten recrystallizations from 30 to 40 
volumes of hot water. About 10 per cent of the sample was obtained as a 
product, melting sharply at 147-148°. 


Ci90H:,0;:N;38. Calculated. N 12.16, S 13.92 
230.2 Found. ‘* 12.14, ‘‘ 14.10, neutral equivalent 232 


The mother liquors from these recrystallizations yielded fractions melting 
from 120-140°. 

Fractionation of Morpholine Salts of Thiourea Analogue of Desthiobiotin 
—To 1.27 gm. of the product, m.p. 115-128°, in 15cc. of methanol was added 
0.5 gm. of morpholine. After the addition of 50 cc. of ether the salt crystal- 
jized in quantitative yield. It melted at 125-131°, and, without recrystal- 
j'zation, it possessed the following composition. 


CuHwO Ws (317.3). Calculated, N 13.24; found, 12.82 


To 1.3 gm. of this product in 100 cc. of hot ethyl acetate were slowly 
added 12 cc. of ethanol, until complete solution was obtained. Upon 
cooling the solution, 0.87 gm. of crystalline salt, m.p. 110-116°, was 
obtained. After two more such recrystallizations from 50 cc. portions of 
ethanol-ethylacetate (1:4), followed by one from 10 cc. of alcohol, 0.60 gm. 
of salt melting at 126-128° was obtained. Admixture with the unrecrystal- 
lized salt lowered the melting point. 


Calculated. N 13.24, 10.10 
317.3 Found. 13.38, 10.34 


When 400 mg. of this salt were dissolved in 6 cc. of water and HCI was 
added, the freegcid crystallized. It melted at 144-147° and, after recrystal- 
lization from 7 cc. of hot water, 200 mg., melting at 147—148°, were obtained. 
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Admixture with the sample obtained through the fractional eryetallmwetiom 
from water caused no depression of the melting point. 

' The residues from the mother liquors of the recrystallizations of the 
morpholine salt possessed melting points between 05 -117° and pare 
second isomer was obtained. 

Desthiobiotin—To 130 ee. of 10 per cent NacCO, was added | em of 
ethyl ¢,7-diaminopelargonate sulfate and the solution was heated te 0 
for a few minutes to saponify the ester. The solution was then maimtane’ 
at 25° and was treated with phosgene until it became acid to Come red 
The solution was then concentrated to dryness in vacuo. ‘The rewidee wee 
taken up in 75 cc. of water and a small amount of material, ineleble © 
water and in ether, was discarded. The aqueous solution wae extracted 
continuously with ether for 16 hours and the ether was then evapeoreted, 
leaving 550 mg. of crystalline residue. The latter was 
amount of methanol and water. After the solution wae treated wath 
Darco and filtered, it was concentrated to dryness. The reedee wae 
recrystallized from 10 cc. of water. The first crop, 
room temperature, amounted to 50 mg. and melted at 146-180 Th pee 
sessed a low biological activity and was not further tnweetmeted Tie 
main fraction crystallized upon cooling at 5°. [t amounted to 50° ame 
representing 50 per cent of the theoretical yield. Assay with Seecterewgees 
cerevisiae showed a growth-promoting activity which wae pew come 
of biotin. It melted at 132-134°, which corresponcde to the 
of the product of similar activity reported by Wood and du Vigneeed | 


There was a trace of material present which melted at appeesimeately }" 
The product possessed the following compositiom. 


Cy Ord. (214.3). Calculated, \ 13.08 


An additional 80 mg. were obtained upon concentration of the mother 
liquors. 


SUMMARY 


To investigate the effect of an alteration of the imidazolidone moiety of 
desthiobiotin, the synthesis of the thiourea analogue has been carried out 
In contrast to desthiobiotin this thiourea analogue possesses very slight 
growth-promoting activity toward yeast. This activity is completely 
inhibited by avidin. Toward Lactobacillus casei, the thiourea analogue 
evidences a low antibiotin activity in comparison with that of desthiohtetin 


The authors wish to thank Dr. Karl Dittmer and Miss Martha Pueche for 
the microbiological assays and Dr. J. R. Rachele and Mr. Roscoe C. Punk, 
Jr., for the microanalyses carried out in connection with this work. 
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LETTERS TO THE EDITORS 


SPREPTPOCOCCAL FIBRINOLYSIN 


Sirs: 

It is well known that an exotoxin from the broth cultures of certem 
strains of S-hemolytic streptococe: produces solution of a fibrin elet 
plasma.;?) The chemistry of its isolation is not complete and many prop 
erties must still be determined. A convenient, simple method is presented 
for the concentration of streptococeal fibrinolvsin as also is an assay feel 
nique that has been found quite suitable. 

Culture of 8-hemolytic streptococci, American Type Culture Colleet»os 
strain 6011, was made on blood agar slants. A broth inoculum woe meade 
by transfer trom the blood agar slant to 10 mil. of the broth recommended 
by Christensen.* This was incubated at 37° for 24 hours. [noeuthetiem 
was made at the rate of | ml. of seed per 500 ml. quantities of broth 

After 24 hours incubation at 37°, 8 liters of broth were steriliged byw (itr 
tion through a Mandler filter, 10 gm. of norit per liter were 
and adjustment to pH 5.5 made with n HCl. 

The norit was collected by centrifugation in the angle head Letermethemel 
centrifuge at 5000 R.p.m. for 10 minutes. The streptocoeeal fihemmelwem 
was eluted three times by suspending the norit in 300 ml. of OL) Mt phoephete 
buffer, pH 7.3.2. The eluate was separated from the norit byw cen trifeas 
tion as above. The combined eluate, 900 mil., was filtered throwgh « Sete 
filter with a Fisher EIx pad. The filtrate was dialyzed for 3 here = 
Visking No Jax 29/32 casings against frequent changes of cold chetilled 
water. Dialysis was considered complete when no test for phoephete cael! 
be obtained in the formerly butfered eluate. ‘The solution of steepteeeeee! 
fibrinolysin was concentrated to 200 to 250 ml. in a vaewum 
and then lvophilized. Final drving of the solids was aeeompliched! & » 
vacuum desiccator over phosphorus pentoxide. 

These streptococcal fibrinolysin preparations were very lah! tes 
powder, non-hygroscopic, and stable for at least | year im this stat rhe 
solubility curves showed two definite components with poseihle how 
compound of very limited solubility. Streptococcal 


1 Tillett, W. S., and Garner, R. L., J. Exp. Med., 68, 485 (1903). Tillers, 
Bact. Rev., 2, 161 (1938). Christensen, L. R., ./. Gen. Physiol, 2B, (1985 
? Garner, R.L.,and Tillett, W.S.,J/. Exp. Wed., 60, 239 (1904) 
* Christensen, L. R., J. Infect. Dis., 66, 278 (1940). 
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in ammonium sulfate solutions up to at least 65 per cent concentration 
of this salt. It is soluble at pH 5.5. 


Assay of Streptococcai Fibrinolysin 307 


lor this experiment 8 liters of sterile broth culture were divided equally and 
worked simultaneously. 


| Norit SG-11 | AL(OH): B 
Material assayed | 

| Lysis time 

Broth | hrs. 

Supernatant broth after adsorp-| No lysisin 24hrs. | No lysis in 24 hrs. 

tion | 

PO, eluate 4 hrs. > 16 hrs. 

Dialysate 230 min. >16 

Lyophilized (1 mg. sample) | — 142 min. 


Assay was accomplished by adding 0.2 ml. of a solution of streptococcal 
fibrinolysin to 0.1 ml. of 100 unit thrombin and adding 0.3 ml. of plasma 
containing 300 mg. per cent of fibrinogen. The table shows the assays 
of norit-prepared material as well as assays of streptococcal fibrinolysin 
adsorbed on Willstétter’s polyaluminum hydroxide B.” 4 


Research Laboratories EUGENE C. Loomis 
Parke, Davis and Company RoBERT M. SMITH 
Detroit 


Received for publication, May 10, 1946 


‘ Willstatter, R., Ber. chem. Ges., 57, 1082 (1924). 
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A HEAT-LABILE STIMULATORY FACTOR FOR 
STREPTOCOCCUS FAECALIS R 


Sirs: 


We have previously described! a new, labile factor present im lower amd 
milk which is necessary for the maintenance of normal weight and bleed 
the monkey. Since routine assays for this factor with the monkey are 
long and tedious, attempts were made to determime whether symalar eal 
stances might stimulate growth of bacteria. Preliminary triale with « 
number of organisms revealed the presence of a heat-labile subetamee mm 
raw liver and raw milk which stimulated growth of Streptecoceus feceales 
R on a “‘complete”’ purified medium. This medium contawned, per tube, 
hydrolyzed casein 50 mg., /-cystine 2 mg., glucose 200 mg., sodium acetate 
200 mg., tryptophane 500 y, adenine 100 y, guanine 100 +, uracil 100 », 
pyridoxine 20 y, niacin 5 y, riboflavin 2 y, calclum pantothenate | ¥, 
thiamine 1 y, p-aminobenzoic acid | y, folic acid 0.05 y, biotin OLOOM ¥y, 
Salts A? 0.05 cc., Salts B* 0.05 cc., and a tryptic casein digest (to supply 
strepogenin‘) 6 mg. 

The basal medium and appropriate amounts of distilled water were added 
to test-tubes which were then autoclaved at 15 pounds pressure for 15 mum 
utes. The liver and whey preparations were filtered through a stenmle 
Seitz filter and added aseptically to the tubes to make a total volume 
of 10 ce. 

Cells from an 8 to 12 hour-old culture of S. faecalis R in 10 ce. of an 
enriched basal medium were centrifuged and resuspended in 100 ce. of 
sterile saline. 1 drop of this suspension was added to each tube. The 
tubes were incubated for 12 hours at 37° and comparative turbidities deter- 
mined with an Evelyn colorimeter and Filter 660 with the test-tube holder 
in the colorimeter set for 6 ce. ; 

Addition of very dilute preparations of raw liver or raw whey produced 
significantly more growth than was obtained in the tubes containing only 
the basal medium (see the table). When the liver or whey supplement was 
autoclaved for 15 minutes at 15 pounds pressure, very little or no stumule 
tion of growth occurred, indicating the heat lability of this factor. 


1 Cooperman, J. M., Waisman, H. A., MeCall, K. B., and Elvwehjem,C. A../. Voter, 
50, 45 (1945). Cooperman, J. M., McCall, K. B., and Elvehjem, C. A., Sesenee, 10%, 
645°(1945). Cooperman, J. M., Ruegamer, W. R., and Elvehjem, C. A, Pree See 
Exp. Biol. and Med., in press. 

2 Salts A contains KH,PO, 5 gzm., K,HPO, 5 g£m., and HO 5O ce. 

*Salts B contains MgSO,-7H.O 10 gm., NaCl 0.55 gm., FeSO, em. 
0.5 gzm., 250 ec. 

‘ Sprince, H., and Woolley, D. W., J. Exp. Med., 80, 213 (1944). 
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Maximum growth was obtained when a filtered water extract of 5 mg, 
of raw liver or 1 cc. of filtered raw whey was added to each tube. 

The addition of glutamine, ascorbic acid, thioglycolic acid, or pyridox- 
amine to tubes containing either the basal medium or the basal medium 
plus autoclaved liver failed to give any stimulatory effect. 


Galvanometer readings 
Supplement to 10 cc. basal medium 
Filtered (unheated) = Samples autoclaved 
samples 15 min. 

Extract from 1 mg. raw liver................) 59 | 70 

| 50 | 68 

| 38 | 62 
Ascorbic acid, 5-500 y.......................| 70 | 
Pyridoxamine, 5-500 70 | 
Thioglycolic acid, 5-500 y................... | 70 


The bacterial factor and the monkey tactor show similar lability and 
distribution in liver and milk products. Much further work will be re- 
quired to determine whether the two gubstances are identical. 


Department of Biochemistry Jack M. CooPpERMAN 
College of Agriculture W. R. RvEGAMER 
University of Wisconsin EsMOND E. SNELL 
Madison C. A. ELVEHJEM 
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| 
i 
| 


ind 


THE DIFFERENTIAL EFFECT OF BIOTIN SULFONE AND 
y-(3 ,4-UREYLENECYCLOHEXYL)BUTYRIC ACID UPON 
THE MICROBIOLOGICAL ACTIVITY OF BIOTIN 
AND OXYBIOTIN* 


Sirs: 


The antibiotin activities of biotin sulfone’ and y-(3,4-urevleneevelo- 
hexyl)butynic acid* have been reported. The present experiments demon- 
strate that for Lactobacillus arabinosus® the inhibitory action of these com- 
pounds toward dl-oxybiotin‘ is puch more pronounced than toward d-biotin. 


15) 

13 
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MILLIMICROGRAMS GROWTH FACTOR 
Fic.1. The differential effect of biotin sulfone (S) and y-(3,4-ureylenecyclohexy! - 
butyric acid (U) upon the microbiological activity of biotin and oxybiotin. 


Neither the sulfone nor the ureylene compound had any growth-pro- 
moting activity. 

(fie effects of (BOC Co 6200 eer 
upon growth resulting from varying levels of d-biotin (0.1 to 1.0 millumicro- 


* This work was aided by a grant from the Research Corporation, New York 
We wish to thank Dr. Karl Folkers of Merck and Company, Inc., for the bietin, aa 
Dr. J. P. English of the American Cyanamid Company for the 7-(3. 4-areyleneeyel» 
hexyl)butyric acid. 

1 Dittmer, K., and du Vigneaud, V., Science, 100, 129 (1944). 

? English, J. P., Clapp, R. C., Cole, Q. P., Halverstadt, |. F.. Lampen, J. ©). and 
Roblin, R. 0. Chem. Soc., 67, 205 (145 

*Wright, L. D., and Skeggs, H. R., Proc. Soe. Exp. Biol. and Med., 
The basal medium was modified by the addition of 0.5 gm. of sodium citrate and © 1 
gm. of l-asparagine per liter. 

‘ Pilgrim, F. J., Axelrod, A. E., Winnick, T., and Hofmann, R., Science, 103, © 

(1945). 
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gram per tube) or dl-oxybiotin (0.2 to 2.0 millimicrograms per tube) 
were first determined with an incubation period of 72 hours. Under these 
conditions, biotin sulfone was considerably more effective as an antagonist 
for oxybiotin than for biotin. The most marked differential inhibition 
was observed at a level of 800 millimicrograms of biotin sulfone per tube. 
This level completely inhibited oxybiotin activity, while growth due to 
biotin was virtually unaffected (Fig. 1). Considerably higher sulfone levels 
had to be used in order to prevent growth due to biotin. 

The inhibitory effect of biotin sulfone upon both biotin and oxybiotin 
was more pronounced at an incubation period of only 48 hours. With this 
shorter incubation, a marked differential inhibitory effect was noted at a 
level of 200 millimicrograms of biotin sulfone per tube. 

A similar differential inhibition was observed with y-(3 ,4-ureylenecyclo- 
hexyl)butyric acid. Levels of this compound ranging from 40 to 200 
7 per tube were employed in the presence of d-biotin (0.1 to 1.0 millimicro- 
gram per tube) or dl-oxybiotin (0.2 to 2.0 millimicrograms per cube). 
At incubation periods of 72 and 48 hours, the most marked differential 
inhibition was noted with 70 y (Fig. 1) and 40 y of the antagonist per tube, 
respectively. The inhibitory effect of the sulfone and the ureylene deriva- 
tive upon dl-oxybiotin could be reversed by increasing amounts of the 
oxygen analogue. 

It would seem possible to utilize the observed differences in sensitivity 
of biotin and oxybiotin toward biotin sulfone and y-(3,4-ureylenecyclo- 
hexyl)butyric acid as the basis for a differential assay. 


Institute of Pathology, Western Pennsylvania Hospital, A. E. AXELROD 
and the Department of Chemistry, University of Pitisburgh JEAN DEWoopy 
Pitisburgh Kiavus HormMann 
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THE OCCURRENCE OF A “PELLAGRAGENIC” AGENT 
IN CORN 


Sirs: 

The time honored association of the occurrence of pellagra with the eating 
of corn is not, as Aykroyd and Swaminathan! have shown, due entirely to 
deficiency of nicotinic acid in this grain. Krehl et a/.2 have shown that 
corn exerts a growth-inhibiting action on rats receiving a ration low in 
tryptophane, and that nicotinic acid causes restoration of normal gains. 


Response of Mice to Corn Fractions 


Addition to basal ration No. of animals | Average gain 
aa gm. per wh. 
1. None 37 3.1° 
2. Nicotinamide, 0.2% 14 27 
3. CHCl; + NaOH extract of corn 200 14 1.2 
100 4 0.5f 
: 50 4 1.8 
4. (3) + nicotinamide 200 11 3.0 
5. Dilute H2SO, extract of CHC]; extract 200 8 | 0.5 
6. Acid residue of (3) 200 5 | 2.1 


* The mice used in these experiments were a smaller breed than those used ia 
previous work from this laboratory. 

t Decrease in potency with more than 100 equivalent per cent of (3) was probably 
due to traces of nicotinamide. Removal of this by shaking (3) with water resulted 
in increased potency. 


These authors have explained their observations on the bees of amme 
acid imbalances* and of the effect of corn on intestinal becterm. © the 
other hand, as a result of experiments on the induction of mieetie aes 
deficiency with 3-acetylpyridine,‘ Woolley has postulated that the pel 
lagragenic action of corn may be due to a specific substance, poeshly om 
analogue of nicotinic acid. Attempts have therefore been made to demon. 
strate a substance in corn which would cause a pellagra-like disease pre- 
ventable by nicotinic acid. The presence of such a pellagragenic substance 


1 Aykroyd, W. R., and Swaminathan, M., Jndian J. Med. Res., 27, 667 (1940). 

?Krehl, W. A., Tepley, L. J., and Elvehjem, C. A., Science, 101, 283 (1945). 

*Krehl, W. A., Sarma, P.8., Tepley, L. J., and Elvehjem, C. A., J. Nutr., 31, 85 
(1946). 

‘Woolley, D. W., J. Biol. Chem., 157, 455 (1945). 

’ Woolley, D. W., J. Biol. Chem., 162, 179 (1946). 
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A 


has been“demonstrated and considerable concentration of it has been 
achieved. The basal diet for this purpose was composed of sucrose 85, 
casein 9, cystine 0.2, salts® 5, fortified corn oil’ 1, and adequate water- 
soluble vitamins except nicotinic acid.4 Although the addition of corn to 
this ration did not result in poor growth in mice as it did in rats, a chloro- 
form and sodium hydroxide extract of the grain markedly reduced the 
growth rate. In addition, such an extract caused many of the animals to 
develop mild diarrhea, and considerable reddening of the skin and tongue. 
These signs were similar to those seen in pellagra and were preventable or 
curable with nicotinamide (0.2 per cent of the ration). Commercial crude 
corn oil in contrast to the alkaline chloroform extract was not deleterious, 

The disease-producing agent appeared to be a weakly basic water-soluble 
compound, since it was extractable from chloroform by dilute H.250,, and 
remained in aqueous solution when the sulfate was removed with barium 
hydroxide. Whether or not it is a pyridine derivative cannot be estab- 
lished until the pure material has been isolated. By appropriate solvent 
extractions an ether- and water-soluble fraction has been prepared which 
caused maximal inhibition of growth of mice under our conditions when 
fed at a level of 1 mg. per 100 gm. of ration (100,000-fold concentration of 
activity). 


Laboratories of The Rockefeller Institute for Medical Research D. W. Woo..er! 
New York 


teceived for publication, May 16, 1946 


Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 
7Woollev, D.W., J. Biol. Chem., 148, 679 (1942). 
®With the technical assistance of A. Holloway and R. A. Brown. 
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Epidermis, methylcholanthrene car- 


cinogenesis, Tatum, Ritchey, Cowdry, 


and Wicks, 675 
Cholinesterase: Nachmansohn, Coates, 
and Rothenberg, 39 
Diisopropy! fiuorophosphate effect, 
mechanism, Mazur and Bodansky, 
261 

Citric acid: Iso-, synthesis, Pucher and 
Vickery, 169 


Conjugase: Vitamin B., kidney, Bird, 
Vandenbelt, and Pfiffner, 649 
Copper: Nucleic acid purification, effect, 
Zittle, 111 
Ribonucleinase, effect, Zitile, 111 
Zine toxicity, effect, Smith and Larson, 
Corn: Pellagragenic agent, Woolley, 29 


773 
Cyanide: Methemoglobin and cyto- 
chrome oxidase effect in vitro, 


Albaum, Tepperman, and Bodansky, 
641 

Cystine: Homo-. See Homocystine 
Cytochrome: Oxidase, methemoglobin 


and, cyanide, effect in vitro, Albaum, 
Tepperman, and Bodansky, 


641 


Dinucleotide: Flavin-adenine-, atabrine, 
quinine, and other compounds, d- 
amino acid oxidase effect, Hellerman, 


Lindsay, and Bovarnick, 553 

E 
Egg: Salmon, inorganic’ constituents, 
Hayes, Darcy, and Sullivan, 621 


Electric tissue: Enzyme activity and ac- 
tion potential voltage, relation, 
Nachmansohn, Coates, and Rothen- 
berg, 39 

Electrolytes): Blood, equilibrium, over- 
breathing effect, Rapoport, Stevens, 
Engel, Ferris, and Logan, 411 

Enamel: Strontium adsorption, radioac- 
tive isotope in study, Hodge, Gavett, 


and Thomas, 1 
Enzyme(s): Activity, mechanism, 
Rothen, 345 
Carotene-destroying syste.n, alfalfa, 
Mitchell and Hauge, 7 


Dextran synthesis from sucrose, effect, 
Hehre, 221 
Electric tissue, action potential and, 
relation, .Vachmansohn, Coates, and 
Rothenberg, 39 
Flavo-, catalvsis, Hellerman, Lindsay, 
and Bovarnick, 553 
Quinine-oxidizing, liver aldehyde oxi- 


dase, relation, Anoz, 699 
Respiratory, tissue, determination, 
Potter, 437 
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Enzyme(s)—continued: 
- Tyrosy] - - lysyl - - glutamy] - l - 
tyrosine, synthesis and degradation, 


Plenil and Page, 49 
See also Acetylase, Adenosinetriphos- 
phatase, §-Amylase, Antinvasin, 


Cholinesterase, Conjugase, Oxidase, 
Peptidase, Phosphat:.se, Phosphory]- 
ase, Proinvasin, Ribonucleinase, Ty- 
rosinase 
Epidermis: Methylcholanthrene carcino- 
genesis, biotin, choline, inositol, p- 
aminobenzoic acid, and pyridoxine, 
Tatum, Ritchey, Cowdry, and Wicks, 
675 
Vitamins, methylcholanthrene carcino- 
genesis, Tatum, Ritchey, Cowdry, and 
Wicks, 675 
Esterase: Choline. See Cholinesterase 


F 


Fatty acid(s): Muscle, metabolism, 
higher fatty aldehydes, relation, 
Erhlich and Waelsch, 195 


Oxidation, cell structure, iation, 
Potter, 437 
Fibrinolysin: Streptococcal, Loomis and 
Smith, 767 


Fish: See also Salmon 

Flavacidin: Chemical constitution, Fried, 
Koerber, and Wintersteiner, 341 

Flavin: -Adenine-dinucleotide, atabrine, 
quinine, and other compounds, d- 
amino acid oxidase effect, Hellerman, 


Lindsay, and Bovarnick, 553 
Flavoenzyme: Catalysis, Hellerman, 
Lindsay, and Bovarnick, 553 


Folic acid: Perosis and, Daniel, Farmer, 
and Norris, 349 
Streptococcus faecalis and Lactobacillus 


casei, effect, Johnson, 255 
Food(s): Methionine determination, 
Csonka and Denton, 329 
See also Diet 
G 


Glucose: Oxidation, malarial parasites, 
atabrine and adenylic acid, effect, 
Bovarnick, Lindsay, and Hellerman, 

535 


INDEX 


Glutamic acid: Metabolism, sulfoxide 
from dl-methionine, effect, Borek, 
Miller, Sheiness, and Waelsch, 347 

Glutamine: Metabolism, sulfoxide from 
dl-methionine, effect, Borek, Miller, 
Sheiness, and Waelsch, 347 

Glycogen: Tissue, determination, micro-, 


van Wagtendonk, Simonsen, and 
Hackett, 301 
Glycolysis: Anaerobic, brain suspensions, 
Elliott and Henry, 361 
Blood cell, red, aerobic, avian, intra- 
cellular ions, effect, Dische, 975 
Growth: Factor, chick, manure, Rubin 
and Bird, 387, 393 

—, —, —, preparation and properties, 
Rubin and Bird, 393 


H 


Hemoglobin: Met-. See Methemoglobin 
Protoporphyrin IX dimethyl ester 
preparation from, Chu, 713 
Hexachlorocyclohexane: y-, antiinositol 


effect, Kirkwood and Phillips, 251. 


Hexuronate(s): Blood plasma, determi- 
nation, spectrophotometric, Deztch- 
mann and Dierker, 753 

— serum, determination, spectrophoto- 
metric, Deichmannand Dierker, 758 
Homocystine: Metabolism, intestine and 


liver factors, effect, Bennett and 
Toennies, 235 
Utilization, preexperimental food, ef- 
fect, Bennett, 247 
Hydantoin: Tissue, hydrolysis, Bernheim 
and Bernheim, 683 


Hydroxy acid: l-, oxidase, Blanchard, 
Green, Nocito-Carroll, and Ratner, 

137 

Hydroxyapatite: Strontium adsorption, 
radioactive isotope in study, Hodge, 
Gavett, and Thomas, 1 
Hypophysectomy: Blood plasma _phos- 
phatase, alkaline, effect, Li, Kal- 
man, Evans, and Simpson, 715 


I 


Inorganic constituent(s): Salmon eggs, 
Hayes, Darcy, and Sullivan, 621 
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Inositol: Epidermis, methylcholanthrene 


carcinogenesis, Tatum, Ritchey, 
Cowdry, and Wicks, 675 
y-Hexachlorocyclohexane, relation, 
Kirkwood and Phillips, 251 


Intestine: Factors, homocystine metab- 
olism, effect, Bennett and Toennies, 
235 

Invasion: Mechanism, Haas, 63, 89, 101 
Iodine: Blood plasma, determination, 


Taurog and Chaikoff, 313 
Ion(s): Intracellular, blood cell, red, 
glycolysis, aerobic, avian, effect, 
Dische, 575 


Iron: Ferrous, colloidal, intravenous ad- 
ministration use, preparation, Hahn, 


435 
Isocitric acid: Synthesis, Pucher and 
Vickery, 169 


K 


Kidney: Vitamin B,. conjugase, Bird, 
Robbins, Vandenbelt, and Pfiffner, 


649 

L 
Lactobacillus arabinosus: Cultures, 
Nymon and Gortner, 277 
Lactobacillus casei: Cultures, Nymon 
and Gortner, 277 
Factor, chick nutrition, Hutchings, 
Oleson, and Stokstad, 447 


—, Streptococcus faecalis and Lacto- 
bacillus casei, effect, Johnson, 255 


Folic acid effect, Johnson, 255 
Lactobacillus casei factor effect, 
Johnson, 255 
Medium, microbiological determina- 
tions, Roberts and Snell, 499 
Vitamin B, conjugate, effect, Bird and 
Robbins, 661 
— —, effect, Johnson, 255 
Bird and Robbins, 661 


Lactobacillus fermenti: Methionine de- 
termination, protein hydrolysates, 
use, Dunn, Camien, Shankman, and 
Block, 577 

Threonine determination, protein hy- 
drolysates, use, Dunn, Shankman, 
Camien, and Block, 589 


Leucine-aminoexopeptidase: [-, man- 
ganese, relation, Smith, 15 
Liver: Aldehyde oxidase, quinine-oxidiz- 
ing enzyme, relation, Knoz, 699 
Homocystine metabolism, _ effect, 
Bennett and Toennies, 235 
Zinc toxicity, effect, Smith and Larson, 
29 
Lysozyme: Determination, viscosimetric, 
Meyer and Hahnel, 723 
Plant, Meyer, Hahnel, and Steinberg, 
733 

M 


Malaria: Antimalarial agents, mode of ac- 
tion, Bovarnick, Lindsay, and Heller- 
man, 523, 535 

Antimalarials, synthesis, Mead, Rap- 
_ port, Senear, Maynard, and Koepfli, 
465 
Parasite, glucose oxidation, atabrine 
and adenylic acid, effect, Bovarnick, 
Lindsay, and Hellerman, 535 
—, metabolism, Bovarnick, Lindsay, 
and Hellerman, 523, 535 
See also Plasmodium 

Manganese:  /-Leucine-aminoexopepti- 

dase, relation, Smith, 15 
Oxalacetic acid, action, Vennesland, 
Evans, and Francis, 573 

Manure: Chick growth factor, Rubin and 

Bird, 387, 393 
— — —, preparation and properties, 
Rubin and Bird, 393 

Methemoglobin: Cytochrome oxidase 
and, cyanide, effect in vitro, Albaum, 
Tepperman, and Bodansky, 641 

Methionine: dl-, sulfoxide from, glutamic 
acid and glutamine metabolism, 
effect, Borek, Miller, Sheiness, and 


Waelsch, 347 
Foods, determination, Csonka and 
Denton 329 


Protein hydrolysates, determination, 
Lactobacillus fermenti use, Dunn, 
Camien, Shankman, and Block, 577 

Proteins, determination, Csonka and 
Denton, 329 
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Methylcholanthrene: Carcinogenesis, 
epidermis biotin, choline, inositol, 
p-aminobenzoic acid, and pyridoxine, 
Tatum, Ritchey, Cowdry, and Wicks, 


675 
—, vitamins, Tatum, Ritchey, | 
Cowdry, and Wicks, 675 


Metmyoglobin: Oxalacetic acid, action, 
Vennesland, Evans, and Arista, 573 
Muscle: Fatty acid metabolism, higher 
fatty aldehydes, relation, Ehrlich and 
Waelsch, 195 
Myoglobin: Met-, oxalacetic acid, action, 
Vennesland, Evans, and Francis, 

573 

Myosin: Adenosinetriphosphatase sepa- 
ration, Polis and Meyerhof, 339 


N 


Nerve: Axon, acetylcholine formation, 
Nachmansohn, John, and Berman, 
475 

Nicotinic acid: Synthesis, tryptophane 
effect, Rosen, Huff. and Perlzwezg, 
343 

Nitrogen: Equilibrium, easein acid hy- 
drolysate with tryptophane, effect, 
Kade, Houston, Krauel, and Sahyun, 


185 
Metabolism, tissue slices, Bernheim 
and Bernheim, 203 


Nucleic acid: Purification, copper and 

calcium, effect, Zittle, 111 
Ribo-. See Ribonucleic acid 

Nucleinase: Ribo-. See Ribonucleinase 


O 
Overbreathing: Blood electrolyte equi- 


librium, effect, Rapoport, Stevens, 
Engel, Ferris, and Logan, 411 
Oxalacetic acid: Manganese action, 
Vennesland, Evans, and Francis, 
573 

Metmyoglobin action, Vennesland, 
Evans, and Francis, 573 
Oxygen action, Vernesland, Evans, 
and Francis, 573 
Oxidase: Aldehyde, liver, quinine- 
oxidizing enzyme, relation, KAnoz, 
699 


| 


| 
| 


INDEX 


Oxidase—continued: 
d-Amino acid, flavin-adenine-dinucleo- 
tide of atabrine, quinine, and other 
compounds, effect, Hellerman, 
Lindsay, and Bovarnick, 553 
Cytochrome, methemoglobin and, cy- 
anide, effect in vitro, Albaum, Tep- 
perman, and Bodansky, 641 
l-Hydroxy acid, Blanchard, Green, 
Nociio-Carroll, and Ratner, 137 
Oxybiotin: Biotin sulfone and y-(3,4- 
ureylenecyclohexyl)butyric acid ef- 
fect, Axelrod, DeWoody, and Hof- 
mann, 771 
dl-, activity, Azelrod, Pilgrim, and 
Hofmann, 191 
Oxygen: Oxalacetic acid, action, Vennes- 
land, Evans, and Francis, 73 
Tension, brain suspension respiration, 
effect, Elliott and Henry, 351 


Pp 


Pantothenone: Phenvi, reversal of ac- 


tion, amino acid effect, Woolley, 481 
Pantoyltaurine: Derivatives, anti- 
malarial, Mead, Rapport, Senear, 
Maynard, and Keopfli, 465 
Papilloma: Virus, concentration, 
Sharples supercentrifuge use, Taylor, 

283 


—, density and size, Sharp, Taylor, 
and Beard, 289 
Pellagragenic agent: Corn, Woolley, 773 
Peptidase: /-Leucine-ami:.exo-, manga- 
nese, relation, Smith, 15 
Peptide(s): Dunn, Camien, Shankman, 
and Block, 577 
Dunn, Shankman,Camien, and Block, 

589 

Perosis: Folic acid and, Daniel, Farmer, 
and Norris, «B49 
Phenyl pantothenone: Reversal of action, 
amino acid effect, Woolley, 481 
Phosphatase: Adenosinetri-, myosin, 


separation, Polis and Meyerhof, 339 
Alkaline, blood plasma, hypophysec- 
tomy and adrenocorticotropic hor- 
mone effect, Li, Kalman, Evans, 
and Simpson, 


715 
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Phosphory!ase: Potato, carbohydrate ac- 


tivators, nature, Proehl and Day, © 
667 


Pituitary: See also Hypophysectomy 
Plant: Lysozyme, Meyer, Hahnel, and 
Steinberg, 733 
Transamination, Rautanen, 687 
Plasmodium lophurae: Blood cell, red, 
separation, saponin use, Bovarnick, 


Lindsay, and Hellerman, 523 
Polysaccheride: Blood serum, deter- | 
mination, Seibert and Atno, 511 


Porphyrin: Proto-, IX, dimethy! ester, 
preparation from hemoglobin, Chu, 
713 

Potassium: Blood, determination and dis- 
tribution, Hald, 429 
Potato: Phosphorylase, carbohydrate 
activators, nature, Proeh! and Day, 


667 | 


Sweet, proteins, @-amyliase relation, 


Balls, Thompson, and Walden, 571 
Proinvasin: Bacteria, Haas, S9 
Venom, Haas, 89 
Protein(s): Dunn, Camien, Shankman, 
and Block, 577 
Dunn, Shankman, Camien,and Block, 

589 


Amino acids, nutritive value, relation, 
Mitchell and Block, 599 
Blood plasma, electrophoresis, heat in 
presence of sugars, efiect, Hardt, 
Huddleson, and Ball, 211 
— serum, electrophoresis, heat in pres- 
ence of sugars, effect, Hardt, Huddle- 
son, and Ball, 211 
Denaturation, pressure and, relation, 
Johnson and Campbell, 689 
Hydrolysates, methionine determina- 


tion, Lactobacillus fermenti use, 
Dunn, Camien, Shankman, and 
Block, 577 
—, threonine determination, Lacto- 


bacillus fermenti use, Dunn, Shank- 
man, Camien, and Block, 589 
Methionine determination, Csonka and 


Denton, 329 
Sweet potato, 8-amylase relation, Balls, 
Thompson, and Walden, 571 
Tyrosinase action, Sizer, 145 
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Protoporphyrin: IX, dimethyl ester, 
preparation from hemoglobin, Chu, 
713 
methylcho- 
Tatum, 
675 


Pyridoxine: Epidermis, 
lanthrene carcinogenesis, 
Ritchey, Cowdry, and Wicks, 


Q 
Quinacrine: See also Atabrine 
Quinine: Flavin-adenine-dinucleotide, d- 
amino acid oxidase effect, Hellerman, 
Lindsay, and Bovarnick, 553 
-Oxidizing enzyme, liver aldehyde oxi- 


dase, relation, Anoz, 699 

R 
Respiration: ILnzymes, tissue, deter- 
mination, Potter, 437 


See also Overbreathing 


- Retina: Vitamin A, replacement by vita- 


min A,, Shantz, Embree, Hodge, and 
Wills, 455 
Ribonucleic acid: Hydrolysis, ribonuclei- 


nase and sodium hydroxide use, 
Zittle, 119 
Ribonucleinase: lll, 119 
Calcium effect, Zittle, lil 
Copper effect, Zittle, lll 


Ribonucleic acid hydrolysis, use, Ztttle, 


119 
Soy bean, Schlamowitz and Garner, 
487 
— isolation, Schlamowitz and 
Garner, 487 

S 
Salmon: Egg, inorganic constituents, 
Hayes, Darcy, and Sullivan, 621 


Saponin: Blood cell, red, Plasmodium 
lophurae separation, use, Bovarnick, 
Lindsay, and Hellerman, 523 

Sodium: Blood, determination and dis- 


tribution, Hald, 429 
Soy bean: See Bean 
Spectrophotometer: Beckman, biological! 
materials, determination, micro-, 
use, Lowry and Bessey, 633 


Steroid(s): Absorption spectra, Furch- 


375 


| 
ee | gott, Rosenkrantz, and Shorr, || 
| 
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Streptococcus: Fibinolysin, Loomis and 
Smith, 767 
Streptococcus faecalis: Folic acid effect, 
Johnson, 255 
Heat-labile factor, Cooperman, Ruega- 


mer, Snell, and Elvehjem, 769 
Lactobacillus caset factor’ effect, 
Johnson, 255 
Vitamin B, conjugate, effect, Bird and 
Robbins, 661 
— —, effect, Johnson, 255 
Bird and Robbins, 661 


Strontium: Bone, adsorption, radioactive 
isotope in study, Hodge, Gavett, and 
Thomas, 1 

Dentin, adsorption, radioactive isotope 
in study, Hodge, Gavett, and Thomas, 

1 

Enamel, adsorption, radioactive isotope 
in study, Hodge, Gavett, and Thomas, 

1 

Hydroxyapatite, adsorption, radioac- 
tive isotope in study, Hodge, Gavett, 
and Thomas, 1 

Sucrose: Dextran synthesis from, en- 
zymatic, Hehre, 221 

Sugar(s): Blood serum and blood plasma 
proteins, electrophoresis, heat and, 
effect, Hardt, Huddleson, and Bail, 

211 

Sulfoxide: dl-Methionine, glutamic acid 
and glutamine metabolism, effect, 
Borek, Miller, Sheiness, and Waelsch, 

347 


T 


Taurine: Pantoyl-, derivatives, anti- 
malarial, Mead, Rapport, Senear, 


Maynard, and Koepfi, 465 
Thiourea: Analogue,  desthiobiotin, 
Brown and du Vigneaud, 761 


Threonine: Protein hydrolysates, deter- 
mination, Lactobacillus ferment use, 


Dunn, Shankman, Camien, and 
Block, 889 
Thyroid: Thyroxine determination, 
Taurog and Chaikof, 323 
Thyroxine: Thyroid, determination, 
Taurog and Chaikof,, 323 


INDEX 


Transamination: Plants, Rautanen, 687 

Tryptophane: Nicotinic acid synthesis, 

effect, Rosen, Huff, and Perlzweig, 7 

43 

Nitrogen equilibrium, casein acid hy. i 
drolysate with, effect, Kade, Houg- % 


ton, Krauel, and Sahyun, 185 fe 
Tyrosinase: Proteins, action, Sizer, 145 im 
Tyrosine: Determination, microbiologi- Wea 
cal, Gunness, Dwyer, and Stokes, imam 


159 

Tyrosyl -1-lysyl-l-glutamyl-l-, 
synthesis and degradation, Plentland @ oe 
Page, 49 
Tyrosyl - | - lysyl - J - glutamyl - 1. Gam 
tyrosine: synthesis and degrada- 
tion, Plentl and Page, 49 fe 


U 


Urea: Thio-. See Thiourea 


V 


Venom: Proinvasin, Haas, 89 | 
Virus: Papilloma, concentration, Sharples 4 
supercentrifuge use, T'aylor, 283 
—, density and size, Sharp, Taylor, Hie 
and Beard, 289 
Vitamin(s): Ai, retina, vitamin A, re- 
placement, Shantz, Embree, Hodge, @ime 
and Wills, 455 

B. conjugase, kidney, Bird, Robbins, Hee 
Vandenbelt, and Pfiffner, 649 

— conjugate, Lactobacillus casei and ie 
Streptococcus faecalis effect, Bird (ie 
and Robbins, 661 

—, Lactobacillus casei and Strepto- Mie 
coccus faecalis effect, Bird and ie 
Robbins, 661 

—, Streptococcus faecalis and Lacto- Gee 
bacillus casei, effect, Johnson, 255 Hie 
Epidermis, methylcholanthrene car- 
cinogenesis, Tatum, Ritchey, Cowdry, Gime 


and Wicks, 675 ae 

Z 
Zinc: Toxicity, copper effect, Smith and Wie 
Larson, 29 


e oko 
—, liver effect, Smith and Larson, 2 ie 
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